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ABSTRACT 



A magnetic recording medium comprising a magnetic 
recording layer formed on a substrate, in which information 
is recorded by forming recording cells in recording tracks 
formed on a surface of the magnetic recording layer, wherein 
the magnetic recording layer has a structure that magnetic 
particles are formed in a non -magnetic matrix and ordered 
particle domains in which magnetic particles arc arrayed 
regularly are formed on a surface thereof, and wherein a size 
in a tradt width direction of each ordered particle domain is 
one fifth or more of a width of the recording track formed on 
the recording layer. 

23 Claims, 13 Drawing Sheets 
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MAGNETIC RECORDING APPARATUS, Magnetic energy that a ^gle isolated magDetic grain has 

MAGNETIC RECORDING MEDIUM AND is given by a product of magnetic anisotropy energy density 

MANUEACnmiNG METHOD THEREOF and vohime of the grain. To reduce a medium thickness in 

order to reduce a magnetization transition width and to 

BACKGROUND of™ INVENTION ^ ^^du« a .^eg^s^^^^ 

The present invention relates to a magnetic recording grain, and further significantly lowers magnetic energy of 

apparatus and a magnetic recording medium for magneti- the grain. If the magnetic energy of a certain grain is several 

cally recording and reprcxlucing information and a manu- hundred times of thermal energy at an operating temperature 

facturing method thereof. (at least at room temperature) for a magnetic memory, 

A magnetic recording medium in a form of a rigid resistance against thermal disturbance is considered to be 

magnetic disk apparatus is widely used for a personal data suMcient. However, if the magnetic energy of the grain is 

file, a ooounimication server, a large-scale computer file and less than a hundred times of thermal energy, there is possi- 

the like. Also, a magnetic recording medium in a form of a bility that the magnetization direction of the magnetic grain 

magnetic tape apparatus is widely used for image or audio is reversed by thermal disturbance and recorded information 

files for personal use or broadcasting. This is because a is lost. Because of the thermal disturbance, it is thought that 

magnetic recording medium constituted by an ensemble of the areal density of HDD wiU be limited to about 40 to 50 

magnetic crystal grains shows a very high magnetization Gb/rn^. 

reversal rate, and therefore, a very high recording data A conventional multigrain magnetic medium such as 
transfer rate in an order of several hundreds Mbps or more, 20 CoCr-based medium has a structure in which a Cr-ridi 
and also can attain a high recording density of about several non-magnetic grain boundary is segregated between mag- 
tens Gb/in^. As for the magnetic recording medium, a higher netic grains in order to lower exchange coupling between 
transfer rate and a higher recording density are expected in magnetic grains. However, in a method of fabricating a 
a situation toward forthcoming multimedia era that amount magnetic film by conventional guttering, diameters of 
of information continues to increase remarkably. 25 magnetic grains cannot be adjusted directly, and it is difficult 

An areal recording density of the magnetic recording to reduce the magnetic grain size uniformly. Thus, there is 

medium, particularly of a hard disk drive (HDD), has been large distribution in grain diameter and intergranular 

improved by 60% or more per year over the past five years distance, and grains are arranged irregularly. Therefore, even 

or more, and currently reaches several Gb/in^. Such if exchange interaction between grains is severed to isolate 

improvement in areal density is owing to innovation and 30 grains, medium noise is not sufficiendy lowered, whidi 

improvement of various elemental tectmologies such as use inhibits improvement in recording density. Specifically, 

of a magnetoresistive reproducing system, use of a recording when distribution in grain diameter is expressed by full 

magnetic pole material having a high saturation magnetic width at half maximum (FWHM) of distribution of grain 

flux density, improvement in processing of magnetic head of diameters, a value of about ±50% is exhibited in a typical 

a narrow trade width, use of a magnetic head having a 35 medium, and a value of ±25% or more is exhibited even in 

narrower gap, miniaturization and high-precision processing a medium in which distribution is controlled by low-speed 

of a slider, high-precision servo technology, and develop- sputtering or the like. For example, a typical medium of 20 

ment of novel modulation/demodulation technology repre- nm in average grain diameter has a number of grains 

sented by PRML. In addition, with respect to a magnetic between 10 nm and 30 nm. This means that there are 

recording medium itself, there is advanced progress in ^ considerable grains of less than 10 rmi in grain diameter, 

elemental technologies sudi as smoothing and flattening of which are strongly affected by thermal disturbance. Distri- 

medium surface leading to low flying height operation of a bution in intergranular distance is more significant: the 

magnetic head, reduction in magnetization transition width distribution is ±70% in FWHM in a typical medium, and is 

due to increase in coercivity and decrease in thickness of a ±45% or more even in a well controlled medium. That is, a 

magnetic layer, and medium noise reduction due to decrease 45 typical medium of 2 nm in intergranular distance has a 

in exchange interaction between magnetic grains and reduc- number of grains of 0.6 nm to 3.4 nm in intergranular 

tion in magnetic grain size. distance. This means that there are considerable grains in an 

In the aforementioned conventional so-called multigrain exchange coupled state, 

magnetic recording medium, it is supposed that, if isolation There has been proposed some solutions to overcome the 

of magnetic grains and reduction in magnetic grain size are so problem of thermal disturbance. One solution is use of a 

advanced to ensure low noise, the recording density will be magnetic material with high magnetic anisotropy. However, 

limited because of thermal disturbance. Hereinafter, the if the magnetic anisotropy becomes higher, the recording 

thermal disturbance will be described. saturation magnetic field required for a medium is increased. 

For improvement of a recording density, it is necessary to and it is required to further increase saturation magnetic flux 

reduce a recording oeU size on a medium, which brings 55 density of a magnetic pole material for recording head. This 

about redurtion in signal magnetic field intensity generated cannot be a practical sohition because currendy available 

from the medium. In order to meet an S/N ratio required for soft magnetic film material, including laboratory level, is 

a recording system, noise must be reduced corresponding to hard to meet the above requirements, 

reduction in signal intensity. The medium noise is mainly Another solution is light thermal assisted recording. In 

caused by fluctuation of a magnetization transition, and the 60 this method, a highly anisotropic magnetic material is 

fluctuation is proportional to a size of a magnetization employed, and a recording portion is heated by light irra- 

reversal unit made of magnetic grains. Therefore, in order to diation during recording. This lowers the anisotropy of 

reduce the medium noise, it is required to isolate magnetic magnetic grains and the recording saturation magnetic field, 

grains by disrupting exchange interaction between magnetic and therefore, recording can be performed with an available 

grains, i.e., to reduce the fluctuation of the magnetization 65 recording head. However, this method is impractical 

transition to an order of a size of single magnetic grain, and because it requires providing an optical system in a drive 

to reduce magnetic grain size. unit having almost no extra ^ace, including a space between 
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disks. Id addition, this method increases power- high, and therefore, sufficient S/N ratio cannot be obtained, 

consumption, and brings about additional heat generation. even if a head with high resohition is used. 

As another technical seed to avoid the problem of thermal Conventionally, an address paUem or a servo pattern in a 
distuibance for overcoming the HDD recording density magnetic medium is formed by a magnetic disk drive 
limit, there has been proposed a near field optical recording 5 manufacturer by magnetically recording the patterns (so- 
employing SIL or evanescent light. However, optical record- called servo write). A method of forming the address patlera 
ing cannot achieve high transfer rate like magnetic recording or the servo pattern by thin-fikn patterning is proposed in J. 
as long as a heat mo^ process is employed. On the other i^pl- Phys. 69 (8) 4724, 1991. However, the medium 
hand, there has been proposed a method employing a photon employed in this paper does not have regularly arrayed 
mode material in order to attain a ultrahigh transfer rate and magnetic particles. 

ultrahigh density, but sucii a method is in a research level In Jpn. J. Appl. Phys, 30 (2) 282, 1991 and J. Electrochem. 

and not realized at all. Soc. 122 (1) 32, 1975, methods of manufacturing a magnetic 

Tlie foregoing methods cannot give a proper sohition to medium by depositing a magnetic material in porous ahunite 

thermal disturbance that prevents higher recording density by plating are disclosed. In these methods, however, a matrix 

of magnetic media. is limited to Al^Og, and a magnetic material is limited to Co, 

CurrenUy, it is considered that effective methods to solve Co-Ni, Fc-Cu, Fe^ or the like to which 

thermal disturbance are use of a magnetic recording medium plating is appficable. 

in which magnetic particles arc arrayed regularly in a Next, an ordered non-magnetic pore medium will be 

non-magnetic matrix (hereinafter, referred to as an ordered described. For example, a medium in which non-magnetic 

magnetic particle medium) and use of a magnetic recording pores are arrayed in a magnetic continuous film, which is 

medium in vAnch non-magnetic particles (pores) are arrayed referred to as a network medium, is disclosed in IEEE-Trans, 

regularly in a continuous magnetic material (hereinafter, Magn. 34 (4), 1609, 1998. This paper relates to noise 

referred to as an ordered non-magnetic pore medium). simulation of an imaginary medium in which non-magnetic 

First, an ordered magnetic particle medium will be pores are arrayed regularly in a multigrain magnetic film. In 

described. A magnetic recording medium comprising regu- ^ P^per, there is no description on non-magnetic pore 

larly arrayed magnetic particles is described, for example, in diameter, distribuUon of mter-pore distance, address pattern, 

J. Appl Phys. 76 (10) 6673, 1994. This medium is manu- and servo pattern. 

factured by coating an Au seed layer and a resist on an Si BVOEF SUMMARY OF THE INVENTION 

wafer, exposing the resist by electron beam (EB) direct jq 

write, developing the resist to form pores, and depositing Ni An object of the present invention is to provide a magnetic 
in the pores by plating, thereby forming a regularly arrayed recording apparatus and a magnetic recording medium 
Ni pillar array of 35 nm in diameter with distance of 100 nm. capable of improving S/N ratio and adiieving high density 
The medium studied in the above paper is directed to and a manufacturing method thereof, 
magnetic recording application, but there is no particular 35 According to one aspect of the present invention, there is 
disclosure on how to use it In this paper, there is merely provided a magnetic recording apparatus comprising a mag- 
suggested that the medium has a pattern with distance of 100 netic recording medium comprising a magnetic recording 
nm, thus making it possible to ensurc the recording density layer formed on a substrate, a recording head configured to 
of 65 Gb/in^. In this paper, it is assumed that a single record information by forming recording cells on recording 
magnetic particle is regarded as a Tniniimim recording unit, ^ tracks formed on a surface of the magnetic recording layer, 
and there exists a single magnetic particle in a minimum and a reproducing bead configured to r^>roduce information 
recording cell. However, there is no description on devices recorded in the recording cells, herein the magnetic record- 
such as magnetic head and servo system for performing ing layer has a stmcture that magnetic particles are dispersed 
recording and reproducing using such a small recording unit. in a non-magnetic matrix and ordered particle domains in 

Examples of media comprising regularly arrayed mag- 45 which magnetic particles are arrayed regularly are formed 

netic particles fabricated by using EB direct write are also on a surface thereof; and wherein the size in the trade width 

disclosed in J. Vac. Sd. Technol. B13 (6) 2850, 1995 and J. direction of each ordered particle domain is one fifth or more 

Vac. Sci. Technol. 312 (6) 3196, 1994. In these papers, of a track width of the reproducing head, 

although processes for fabricating regularly arrayed mag- According to another aspect of the present invention, 

netic particles other than EB direct write are ^gbtly differ- 50 there is provided a magnetic recording apparatus comprising 

cnl from each other, the concept that a single magnetic a magnetic recording medium comprising a magnetic 

particle is assumed to be a minimum recording unit is recording layer formed on a substrate, a recording head 

common. In addition, in these papers, there is no description configured to record information by forming recording cells 

on distribution of magnetic particle diameter and distribu- on recording tracks formed on a surface of the magnetic 

tion of inler-parlicle distance. 55 recording layer, and a reproducing head configured to repro- 

However, the EB direct write method cannot be used for duce information recorded in the recording cells, vvbcrein 
industrial manufacturing of magnetic media from the view- the magnetic recording layer has a structure that non- 
points of cost and productivity, although the method can be magnetic particles are dispersed in a magnetic matrix and 
employed to fabricate samples at laboratory level. La ordered particle domains in which non-magnetic particles 
addition, in the case where a single magnetic particle is used 60 are arrayed regularly are formed on a surface thereof, and 
as a minimum recording unit, significant burdens are wherein the size in the track widlh direction of each ordered 
imposed to improve elemental technologies other than the particle domain is one fifth or more of a track width of the 
medium: for example, remarkable reduction in a track width reproducing head. 

of the recording/reproducing head, remarkable improvement A magnetic recordir^ medium according to the present 

m sensitivity of the reproducing head, remarkable improve- 65 invention comprises a magnetic recording layer formed on a 

ment in servo precision or the like. Further, when a single substrate, in which information is recorded by forming 

particle constitutes one recording cell, the medium noise is recording cells in recording tracks formed on a surface of the 
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magoetic recording layer, wherein the magnetic recording 
layer has a structure that magnetic particles are dispersed in 
a non-magnetic matrix and ordered particle domains in 
which magnetic particles are arrayed regularly are formed 
on a surface thereof, and wherein the size in the track width 
direction of each ordered particle domain is one fifth or more 
of a width of the recording track formed on the recording 
layer. 

Another magnetic recording medium according to the 
present invention comprises a magnetic recording layer 
formed on a substrate, in which informatioo is recorded by 
forming recording cells in recording tracks formed on a 
surface of the magnetic recording layer, wherein the mag- 
netic recording layer has a structure that non-magnetic 
particles are dispersed in a magnetic matrix and ordered 
particle domains in which non-magnetic particles are 
arrayed regularly are formed on a surface thereof, and 
wherein the magnetic matrix is constituted by magnetic 
crystal grains separated from each other with an average 
distance of 2 imi or less, and wherein an average non- 
magnetic particle diameter is 1 imi or more. 

Another magnetic recording medium according to the 
present invention comprises a magnetic recording layer 
fanned Of] a sut>strate, in which information is recorded by 
forming recording cells in recording tracks formed on a 
surface of the magnetic recording layer, wherein the mag- 
netic recording layer has a structure that magnetic particles 
are dispersed in a non-magnetic matrix, the magnetic par- 
ticles being arrayed regularly on a surface thereof and 
wherein the number of the magnetic particles arrayed along 
the track length direction in the nriiniTniim recording cell is 
four or more, and wherein the full width at half maximum 
of distribution of the distance between closest magnetic 
particles is ±40% or less to an average distance between 
closest magnetic particles, and wherein the full width at half 
maximum of di^ribution of magnetic particle diameter is 
±20% or less to an average magnetic particle diameter. 

Still another magnetic recording medium according to the 
present invention comprises a magnetic recording layer 
formed on a substrate, in which information is recorded by 
forming recording cells in recording tracks formed on a 
surface of the magnetic recording layer, wherein the mag- 
netic recording layer has a structure that nor>-magnetic pores 
are dispersed in a continuous magnetic film, the non- 
magnetic pores being arrayed regularly on a surface thereof, 
and wherein magnetization transitions in the continuous 
magnetic film are made by domain walls coxmecting the 
non-magnetic pores, and wherein an average non-magnetic 
pore diameter ranges firom 0.5 to 3 times of an average 
domain wall width. 

A method of manufacturing a magnetic recording medium 
according to the present invention comprises steps of form- 
ing a block copolymer layer on a non-magnetic layer, 
making the block copolymer layer to form a sea-island 
structure by self-organized manner in which the ratio of the 
etching speed between sea and island is three or more, 
etching the non-magnetic substrate through the block 
copolymer layer having the sea-island structure, depositing 
a magnetic layer in an etched region of the non-magnetic 
substrate, and lifting-o£f remaining polymer layer and the 
magoetic layer on the polymer layer. 

Another method of manufacturing a magnetic recording 
medium according to the present invention comprises steps 
of forming an uoderlayer on a substrate, forming a oon- 
magnetic layer on the underlayer, forming a block copoly- 
mer layer on the non-magnetic layer, making the block 
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copolymer layer to form a sea-island structure by self- 
organized manner in which the ratio of the etching speed 
between sea and island is three or more, etching the non- 
magnetic layer through the block copolymer layer having 

5 the sea-island structure, depositing a magnetic layer in an 
etched region of the non-magnetic layer, and Hfting-ofif 
remaining polymer layer and the magnetic layer on the 
polymer layer. 

Another method of manufacturing a magnetic recording 

50 medium according to the present invention comprises steps 
of forming a magnetic layer on a substrate, forming a block 
copolymer layer on the magnetic layer, making the block 
copolymer layer to form a sea-islarxl structure by self- 
organized manner in which the ratio of the etching speed 

15 l>etween sea and island is three or more, etching the mag- 
netic layer through the block copolymer layer having the 
sea-island structure, depositing a non-magnetic layer in an 
etched region of the magnetic layer, and lifling-off remain- 
ing polymer layer and the non-magnetic layer on the poly- 

20 mer layer. 

Another method of manufacturing a magnetic recording 
medium according to the present invention comprises steps 
of forming a continuous non-magnetic film on a substrate, 
putting a self-oiganized mask having regulady arrayed boles 

^ on the continuous non-magnetic fihn; etching the continuous 
non-magnetic film through the mask, th^eby forming regu- 
larly arrayed holes in the continuous non-magnetic film, and 
deporting a magnetic material in the holes formed in the 
continuous non-magnetic film, thereby forming magnetic 

^ paitidesJi^ 

Another method of manufacturing a magnetic recording 
medium according to the present invention comprises steps 
of, forming a continuous magnetic film on a substrate; 
forming a resist layer on the continuous magnetic filin, 
putting a self-organized mask having ri^;ularly arrayed holes 
on the continuous magoetic filn^e^>osing the resist layer^c 
through the mask and developii^ the resist layer, thereby 
forming a resist pattern having remaining regions corre- 
sponding to the boles, etching the continuous magnetic filrn 
^ through the resist pattern, thereby forming magnetic 
particles, and depositir^ a non-magnetic film in a region 
between the magnetic particle^. 

Still another method of manufacturing a magnetic record- 
ing medium according to the present invention comprises 
steps of forming a continuous magnetic film on a substrate, 
putting a self-organized mask having regularly arrayed holes 
on the continuous magnetic film, etdiing the continuous 
magnetic film through the mask, thereby forming regularly 
arrayed holes in the continuous magnetic film, and depos- 
iting a non-magnetic material in the holes formed in the 
continuous magnetic film, thereby forming non-magnetic 
pores. 

BRIEF DESCRIPTION OF THE SEVERAL 
55 VIEWS OF THE DRAWING 

FIG. 1 is a perspective view showing an example of a 
magnetic recording apparatus of the present invention; 

FIG. 2 is a perspective view showing a track and 
recording/reproducing head in a magnetic recording appa- 
ratus of the present invention; 

FIG. 3 is a plan view showing track widths of a recording 
head and a reproducing head; 

FIG. 4 is a schematic plan view showing an example of 
65 a magnetic recording medium of the present invention; 

FIG. 5 is a schematic plan view showing another example 
of the magnetic recording medium of the present invention; 
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FIG. 6 is a cross sectional view showing an example of the FIG. 28 is an SEM image of a mask fabricated in an 

magnetic recording medium of the present invention; Example of the present invention; 

HG. 7 is a cross sectional view showing another example FIG. 29 is an SEM image of an ordered magnetic particle 

of the magnetic recording medimn of the present invention; medium fabricated in an Example of the present invention; 

FIG. 8 is a cross sectional view showing another example ^ FIG. 30 is a graph showing an evaluation result of an 

of the magnetic recording medium of the present invention; ordered magnetic particle medium in an Example of the 

FIG. 9 is a cross sectional view showing another example present mvcntion; 

of the magnetic recoiding medium of the present invention; 31 is a graph showing an evahiation result of an 

FIG. 10 is a cross sectional view showing another ordered magnetic particle medium in an Example of the 

example of the magnetic recording medium of the present present mvention; 

invention; FIG. 32 is a graph showing an evaluation result of an 

FIG. U is a cross sectional view showing stfll another magnetic particle medium in an Example of the 

example of the magnetic recording medium of the present present mvention^ 

invention* •'^ is a graph showing an evaluation result of an 

HG. 12 is a graph showing a relationship between an " orfered magnetic particle medium in an Example of the 

1 r J I- * - J if J present mvention; 

angle formed between an array axis and a head scanning , ^ . ... . . . ^ 

direction, and the number of domains in the magnetic FIG 34 is a graph showmg an evahiaUon result of an 

recording medium of the present invention; magneUc particle medium m an Example of the 

FIG. 13A is a plan view showing an example of an 20 invention, . . 

ordered magnetic particle medium according to the present J^G^ " .g'"?'' .showmg an evahiaUon result of an 

invention: FIG. 13B is a cross sectional view thereof; ."^S"?' «= P'^'='« ""^''^ Example of the 

* ^ . . . . . - . ^ present mvention; 

FIG. 14A IS a plan view showmg an example of an . u u • ^. c 

. . ^. J. Z I- * *u „ * FIG. 36 IS a graph showmg an evaluation result of an 

ordered non-magnetic pore medium according to the present j. • ^ tr.i. 

r-ir^ • ** 1 * *i. r 'y< Ordered magnetic particle medium m an Example of the 

mvention; FIG. 14B is a cross sectional view thereof; 25 , r r 

^ . . ^ present mvention; 

FIG. 15 IS a cross sectional view showing an example of ™„ . i_ u • 1 i* c 

...... J 1 •* -J* * FIG. 37 is a graph showmg an evaluation result of an 

an anodized bamer layer and a porous alumite according to _i . f* j- • i c 

, ^ ' ^ ordered non-magnetic pore medium m an Example or the 

the present mvention; * • j 

' present mvention; and 

FIG. 16A is a cross sectional view showmg a metal ring 3^ FIG. 38 is a graph showing an evahiation result of an 

according to the present mvenUon; and FIG. 16B is a plan ^^^^ non-magnetic pore medium in an Example of the 

view thereof; present invention. 

FIG. 17 is a process flowchart of a manufacturing method 

according to the present invention; DETAILED DESCRIPTION OF THE 

INVENTION 

FIG. 18A is a schematic view showing an example of a 35 

servo pattern of a magnetic disk according to the present Hereinafter, the present invention will be described in 

invention; and FIG. 18B is a schematic view showing a detail with reference to the accompanying drawings, 

microstructure of the servo pattern; FIG. 1 is a perspective view showing an example of a 

FIG. 19 is a schematic view showing an example of an magnetic recording apparatus. A magnetic didc 100 is fixed 

apparatus for manufacturing an ordered magnetic particle 40 ^ a ^indle 101 and is rotated by a motor (not shown) in 

medium accorxling to the present invention; response to control signals from a motor controller (not 

HG. 20 is a graph showing a relationship between a shown). A pivot 103 supports an actuator arm 102, which 

domain size in a track width direction and a medium noise supports a suspension 104 and a head slider 105 disposed on 

power or error rate in an Example of the present invention; ^'^1 end of the suspension 104. When the di^ 100 is 

HG. 21 is a graph showing a relationship between an ^5 n>taled, the sHder 105 glides over the disk 100 with a 

, \_ -. i j J- predetermmed ^acmg between the air-bearmg surface of 

average distance between magnetic particles and medium f. . 

. ^ • rr 1 ttu * • t'^ shder 105 and the disk 100, thus recording and repro- 

noise power in an Example of the present mvention; , . - t^f « • l • 

, , ... , . ... ducmg are performed. A voice coil motor 106, which is a 

FIG. 22 IS a ^aph showmg a relaUonship between an of Unear motor, is installed at a proximal side of the 

average distance between magneUc particl<^ and an acUva- ^^^^^ ^ ^^-^ ^^^^ ^ constituted by 

Uon volume m an Example of the present mvcnUon; ^ driving coil (not shown) wound around a bobbin part of the 

FIG. 23 IS a graph showmg a relationship between an actuator arm 102 and a magnetic circuit comprising a 

average distance between non-magnetic particles and permanent magnet and a yoke which are disposed so as to 

medium noise power in an Example of the present invention; sandwich the driving coil. The acmator arm 102 is supported 

FIG. 24 is a graph showing a relationship between an 55 by ball bearings (not shown) installed in upper and lower 

angle formed between the array axis and a track length portions of the pivot 103, and is rotated by the voice coil 

direction and medimn noise power in an Example of the motor. 

present invention; A magnetic recording medium sudi as the magnetic disk 

FIG. 25 is a cross seaional view showing an magnetic 100 shown in FIG, 1 has a structure that a magnetic 

recording medium fabricated in an example of the present 50 recording layer is formed on a substrate. An underlayer (seed 

invention; layer) may be formed between the substrate and the mag- 

FIG. 26 is a cross sectional view showing an magnetic netic recording layer. A protective layer may be formed on 

recording medium fabricated in an Example of the present the magnetic recording layer. Tracks are formed on a surface 

invention; of magnetic recording layer, and recording cells are formed 

FIG. 27 is a cross sectional view showing an magnetic 65 in the tracks, thus information is recorded, 

recording medium fabricated in an Example of the present FIG. 2 schematically shows a positional relation^ip 

invention; between the magnetic recording layer and a recording/ 
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repioduciDg head in Ihe magnetic recording apparatus for example, Cr, Nb, V, Ta, H, W, Hf, Cr, V, Id, Si, B and the 

according to the present invention. FIG. 2 shows a track 50 like or a compoimd with at least one element selected bom 

formed on a part of the disk 100. The track 50 has a track among these elements and oxygen, nitrogen, carix)n, and 

width Wl a recording/reproducing head 60 is formed on a hydrogen. 

distal end portion of the head slider 105. The head slider 105 5 A non-magnetic material used for the non-magnetic 

glides over the disk 100 with a predetermined spacing, thus matrix includes a compound expressed by the general for- 

the recording/ reproducing head 60 moves relative to the mula M-G or a carbon atom, oiganic material and the like, 

disk 100. An array of recording cells (recording magnetic Here, M is at least one element selected from the group 

domains) is formed in the track 50 by magnetic field consisting of Si, Al,Zr,Ti,Ta, In, Sn, and B; and G is at least 

generated from the recording head, thus information is one element selected from the group consisting of oxygen, 

recorded. On the other hand, the reproducing head scans the nitrogen, and carbon. Specifically, it can be widely selected 

recording cells 55 formed in the track 50, thus recorded from among oxide, nitride, cart)ide, borate, and organic 

information is reproduced. materials such as C, Si — O, Al — O, Zi — O, Ti — O, Ta — O, 

FIG. 3 shows a relationship between trade widths of the In— O, Si-^, Al— N, Zr— N, Ti— N, Ta— N, In-^, 

reproducing bead and the recordiing head. In FIG. 3, numer- jj B — K Si— C, Ti— C, B — C, SiAl— ON, Si — ON, AlH— 

als 61a and 616 denote magnetic poles of the reproducing OC, In — Sn — O, or Teflon. Of course, a non-magnetic 

head, and numerals 62a and 626 denote magnetic poles of element (inchiding such an element that becomes non- 

the recording head. As shown in FIG. 3, the track width of magnetic in additive stale, although it constitutes a magnetic 

the reproducing head is narrower than the track width of the material in a bulk having a particular aystal structure) may 

recording head. The constitution shown in FIG. 3 is adopted ^ ^ further added to these matrix. In this case, the additive 

for preventing reproducing signals from being affected by element may form a sohd solution with the matrix or may be 

disorder of the recorded magnetic domain on edges of the i° a phase separated state. The additive element may exist as 

fine particles in the matrix material: 

FIG. 4 is a plan view showing an example of a magnetic A shape of the ordered particle donaain 1 may be any 

recording medium of the present invention. The magnetic 25 shape. A boundary between ordered particle domains 1 may 

recording layer constituting the magnetic recording medium t)c a transient region, i.e., a region in which an array axis is 

has a structure in which magnetic particles 32 are dispersed disordered. Degree of arrangement of magnetic particles 32 

in a non-magnetic matrix 31. On the surface of the magnetic i° the ordered particle domains 1 may include a certain 

recording layer, ordered particle domains 1 in which the degree of disorder that, for example, the array axis 2 does 

magnetic particles 32 are arrayed regularly in the oon- 30 not always pass through a center of the magnetic particle 32. 

magnetic matrix 31 are formed. The magnetic particles 32 The degree of arrangement required for the present inven- 

are arrayed along an array axis 2 in each ordered particle tion may be such that at least local ^is can be observed by 

domain 1. When the magnetic particles 31 arc arrayed so as spatial FFT analysis. 

to form triangle lattice, three arrangement axes 2 exist in The magnetic anisolropy that the magnetic recording 

every ordered particle domain 1. Hu:ee or more magnetic 35 medium material has may be in in-plane direction or may be 

particles 32 are arrayed on one array axis 2. in perpendicular direction. A longitudinal medium is pre- 

In the magnetic recording medium according to the ferred in the case where a current recording/reproducing 

present invention shown in FIG. 4, a size in a track width system is used as is. A perpendicular mediuim has an 

direction of each ordered particle domain 1 is one fifth or advantage that a problem of thermal fluctuation because 

more of a width of a recording track formed on the recording 40 magnetic anisotropy energy increases due to increase in a 

layer. In the magnetic recording apparatus according to the volume of the magnetic particle. 

present invention using the medium shown in FIG. 4, a size It has been reported that, in a medium having regularly 

in a track width direction of each ordered particle domain 1 arrayed magnetic particles, problem of noise and jitters 

is one fifth or more of a trade width of reproducing head coming from a magnetization transition or side writing 

thereof. 45 occurs more infrequentiy than a conventional medium hav- 

A magnetic material having large saturation magnetiza- ing randomly arranged magnetic particles (R. White: Data 

tion Is and having large magnetic anisotropy is suitable for Storage, September 1997, page 55). However, the medium 

forming the magnetic particles 32. Such a magnetic material examined in this paper is one that magnetic particles are 

comprising a metal or an alloy selected from the group coherently arrayed within entire surface of a di^. Such a 

consisting of, for example, Co, Pt, Sm, Fe, Ni, Cr, Mn, Bi 50 medium cannot be prepared unless patterning by electron 

and Al, and alloys thereof. Among these magnetic metal heam direct write is used. 

materials, a Co-based alloy with high crystalline magnetic A magnetic recording medium having regularly arrayed 
anisotropy, in particular, CoPt, SmCb, and CoCr-based magnetic particles of the present invention is prepared by 
alloys are more preferable. Specifically, the magnetic mate- utilizing, for example, self-organizing phenomenon of a 
rial inchides Co — Cr, Co — Pt, Co — Cr — Ta, Co — Cr — Pt, 55 block copolymer as described later. When the self- 
Co — Cr — Ta — Pt, Co, Fe or the like. In addition to these organizing phenomenon on the block copolymer is utilized, 
metals, the magnetic material can be widely selected from it is generally difficult to obtain a magnetic recording 
among C6-based alloy, rare earth-transition metal alloy, medium in which magnetic particles are arrayed in a same 
regular alloy, magnetic oxide or the like such as Tb — Fe, direction over a wide area. This is because there exist 
Tb— Fe — Co, Tb—Co, Gd — ^Tb — Fe — Co, Gd — Dy — Fe — 60 distuibance factors such as impurities, dust, and substrate 
Co, Nd — Fe — Co, Nd — ^Tb— Fe — Co, PtMnSb, FePt, Co defect. As a result of presence of such disturbance factors, a 
fertile, Ba ferrile or the like. For the purpose of controlling plurality of ordered particle domains in which magnetic 
magnetic characteristics such as saturation magnetization or particles arc arrayed regularly are formed on the surface of 
coercivity, at least one element selected from Fe and Ni may the medium, and the array directions of the ordered particle 
be further alloyed in addition to the above magnetic mate- 65 domains are different from each other, 
rial. In addition, to these metals or alloys, there may be In the magnetic recording ^paralus and magnetic record- 
added an additive for improving magnetic characteristics, ing mediimi according to the present invention, a size in a 
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track width direction of each ordered paiticle domain 1 is 175 
or more of a track width of reproducing head or 1/5 or more 
of a track width formed on the magnetic recording layer. The 
present inventors experimentally found that, in the medium 
of the present invention having an above constitution, an 
error rate estimated under predetermined conditions is 
reduced to 90% relative to a conventional medium having 
randomly arranged magnetic grains. 

In the magnetic recording medium of the present inven- 
tion shown in FIG. 4, it is preferable that the size in the track 
width direction of each ordered particle domain is 3 times or 
more of the track width formed on the magnetic recording 
layer. The present inventors experimentally found that, if 
each ordered particle domain has such a size as described 
above, medium noise in a recorded state with a single 
firequency is reduced to 90% relative to the conventional 
medium having randomly arranged magnetic grains. 
Further, the inventors foimd that medium noise is further 
reduced as the size in the track width direction of the ordered 
particle domain ino-eases. Medium noise reduction brings 
about improvement in S/N ratio, thus making it possible to 
obtain a magnetic recording medium whose recording den- 
sity is improved than a random magnetic grain mediiun free 
firom thermal fluctuation. However, when the size in the 
track width direction of the ordered particle domain is larger 
than the track width, fluctuation of transition width is 
constant in an ordered particle domain, but is different 
between ordered particle domains firom each other. Influence 
from the latter state tends to appear as transition jitters. 

Note that, a permissible error rate remarkably depends on 
various characteristics such as an encoding method of a 
system intended to apply the medium. Therefore, the size in 
the track width direction of the ordered particle domain 
should be appropriately designed within a range of 1/5 or 
more of the track width with taking medium noise and error 
rate required for the system into consideration. 

In the magnetic recording medium of the present 
invention, it is preferable that an average diameter of mag- 
netic particles 32 is 2 nm or more and an average distance 
between magnetic particles is 1 nm or more. If the diameter 
of the magnetic particle 32 is smaUer than 2 nm, it is difScult 
to maintain a stable magnetization state in view of magnetic 
anisotropic energy actually obtained. Unless the average 
distance between the magnetic particles 32 is 1 nm or more, 
magnetization reversal is caused by adjacent magnetic par- 
ticles through exchange interaction, and thus, an effect of 
arrangement of the magnetic particles 32 cannot be 
achieved. When the magnetic particle 32 has a microstruc- 
ture that a non-magnetic shell is formed around its periphery, 
the thickness of the shell is included in a distance t>etween 
magnetic particles 32. 

FIG. 5 is a plan view showing another example of a 
magnetic recording medium of the present invention. A 
magnetic recording layer constituting the magnetic record- 
ing medium has a stmcture in ^ich non-magnetic particles 
34 are dispersed in a magnetic matrix 33. The magnetic 
matrix 33 contains magnetic crystal grains. Orientation 
directions of the magnetic crystal grains in the magnetic 
matrix 33 may be different from each other. On the surface 
of the magnetic recording layer, ordered particle domains 3 
in which the non-magnetic particles 34 are arrayed regularly 
in the magnetic matrix 33 are formed. The magnetic par- 
ticles 32 are arrayed along an array axis 4 in each ordered 
particle domain 3. When the non-magnetic particles 34 are 
arrayed so as to form triangle lattice, three arrangement axes 
4 exist in every ordered particle domain 3. Three or more 
non-magnetic particles 34 are arrayed on one array axis 4. 
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In the magnetic recording medium of the present 
invention, an average distance between magnetic crystal 
grains constituting the magnetic matrix 33 is 2 nm or less, 
aiKl an average diameter of the non-magnetic particles 34 is 

5 1 nm or more. The magnetic crystal grains constituting the 
magnetic matrix 33 affect exchange interaction to eadi other 
because the average distance between them is 2 run or less. 
On the other hand« the non-magnetic particles 34 having an 
average diameter of 1 nm or more sever or sufficiently 
weaken the exchange interaction between the magnetic 
crystal grains. Thus, domain walls, formed by a recording 
operation in the magnetic matrix 33, are pinned at the 
positions of non-magnetic particles 34. Therefore, distortion 
in a shape of a reversed magnetic domain is reduced, which 
brings about reduction in medium noise. 

A material forming the magnetic matrix 33 is similar to 
that forming the magnetic particles 32 shown in FIG. 4. A 
material forming the non-magnetic particles 34 is similar to 
that forming the non-magnetic matrix 33 shown in FIG. 4. 

20 A shape of the ordered particle domain 3 may be any shape. 
A transient region having a certain size may be formed at 
boundary between ordered particle domains 3. Degree of 
arrangement of non-magnetic particles 34 in the ordered 
particle domains 3 may include a certain degree of disorder 

25 that, for example, the array axis 4 does not always pass 
through a center of the non-magnetic particle 34. The degree 
of arrangement required for the present invention may be 
such that at least local spots can be observed by spatial FFT 
analysis. The magnetic anisotropy that the magnetic matrix 

3Q 33 has may be in in-plane direction or may be in perpen- 
dicular direction. A longitudinal medium is preferred in the 
case where a current recording/reproducing system is used 
as is. A perpendicular medium has an advantage that high- 
density recording can be performed because demagnetizing 

35 field acts so as to help formation of reversed magnetic 
domain. 

A process for orderly arranging the non-magnetic par- 
ticles 34 in the medium shown in FIG. 5 employs a self- 
organizing phenomenon of a block copolymer described 
40 later, as in the process for arrangement of the magnetic 
particles 32 of the medium shown in FIG. 4. Therefore, as 
described previously, a plurality of ordered particle domains 
are formed. 

It is preferable, in the magnetic recording medium accord- 

45 ing to the present invention shown in FIG. 5, that a size in 
a track width direction of each ordered particle domain 3 is 
1/5 or more of a track width formed on the magnetic 
recording layer. Also, It is preferable, in the magnetic 
recording apparatus according to the present invention using 

50 the medium shown in FIG. 5, that a size in a track width 
direction of each ordered particle domain 3 is 1/5 or more of 
a track width of reproducing head thereof. The present 
inventors experimentally found that, in the medium of the 
present invention having an above constitution, an error rate 

55 estimated imder predetermined conditions is reduced to 90% 
relative to a conventional medium having randomly 
arranged magnetic grains. In the medium shown in FIG. 5, 
domain walls are pinned at non-magnetic particles 34, and, 
as a result of this, the shape of the domain walls become 

60 substantially linear. Thus, the mediuim shown in FIG. 5 also 
forms recording cells having almost same shape as that 
formed in the medium shown in FIG. 4 having regularly 
arrayed magiietic particles 32. Therefore, it is assumed that 
the medium shown in FIG. 5 shows similar results like the 

65 medium shown in FIG. 4. 

It is preferable, in the magnetic recording medium of the 
present invention shown in FIG. 5 that a size in a track width 
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direction of each ordered particle domain 3 is three times or 
more of the track width formed on the magnetic recording 
layer from the viewpoint of reducing media noise. 

It is preferable, in the magnetic recording medium of the 
present invention shown in FIG. 5, that an average distance 5 
between non-magnetic particles 34 is equal to or smaller 
than a trade width formed on the magnetic recording layer. 
It is preferable, in the magnetic recording apparatus of the 
present invention using the medium shown in FIG. 5, that an 
average distance between nonmagnetic particles 34 is equal 
to or smaller than a track width of recording bead thereof. If 
the average distance between the non-magnetic particles 34 
does not meet above conditions^ a domain wall pinned by 
non-magnetic particles 34 is formed across the track width. 
This arises interference between tracks, which becomes a 
cause to make mediiun noise high. 

Next, cross sectional structures of the magnetic recording 
media according to the present invention will be described 
with reference to FIGS. 6 to U. In these figures, a magnetic 
portion 35 may be the magnetic particles in FIG. 4 or the 
magnetic matrix in FIG. 5. Likewise, a non-magnetic por- ^ 
tion 36 may be the non-magnetic matrix in FIG. 4 or the 
non-magnetic particles in FIG. 5. 

HG. 6 is a sectional view showing an embodiment of a 
magnetic recording medium of the present invention. In ^ 
FIG. 6, an underlayer 20 is formed on a substrate 10, and a 
magnetic portion 35 and non-magnetic portion 36 constitut- 
ing a magnetic recording layer are formed on the underlayer 
20. The imderlayer 20 may be of multQayered structure. In 
FIG. 6, the thickness of the underlayer 20 under the mag- ^ 
netic poition 35 is greater than that under non-magnetic 
portion 36. 

As a material for the substrate 10, a metal, glass, or 
ceramics can be employed. 

The underlayer 20 may consist of a magnetic material or 35 
non-magnetic material. For a multilayercd underlayer, phiral 
magnetic materials and/or non-magnetic materials are 
employed. The thickness of the underiayer 20 is about 10 nm 
to 1000 nm. If the thickness is less than 10 nm, the 
underlayer 20 does not function properly. On the other band, ^ 
if the thickness exceeds 1000 nm, it takes long to form the 
underlayer 20, which is not applicable to mass^production. 

The underlayer 20 consisting of a magnetic material is 
magnetically coupled through exchange interaction or mag- 
netostatic interaction with recording cells in the magnetic 45 
recording layer or a recording/reproducing head. An under- 
layer formed so as to be exchange coupled with the record- 
ing cells includes a magnetic underlayer likely to be 
reversed whidi serves to stabilize recording cells, and a 
magnetic underlayer having a large magnetization that 50 
serves to improve reproducing output. 

An imderlayer 20 consisting of a non-magnetic material is 
employed for the purpose of controlling a crystal structure of 
a magnetic portion 35 or non-magnetic portion 36, or for the 
purpose of preventing mixing of impurities from the sub- 55 
strate 10. For example, if an underlayer 20 having a lattice 
constant close to that of the magnetic portion 35 of desired 
crystal orientation is employed, it is possible to control a 
crystal structure of the magnetic portion 35. If an amorphous 
underlayer 20 having certain surface energy is employed, it eo 
is possible to control crystalline or amorphous properties of 
the magnetic portion 35 or non-magnetic portion 36. For the 
purpose of preventing mixing of impurities from the sub- 
strate 10, a thin film with small lattice constant or a dense 
thin film may be employed as an underlayer 20, 55 

The underlayer 20 consisting of a magnetic material or a 
non-magnetic material may have a plurality of aforemen- 
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tioned functions. For example, a magnetic underlayer 20 for 
controlling crystallinitys of the magnetic portion 35 may be 
provided. In this case, the underlayer 20 gives both effects 
on recording/reproducing characteristics and on crystalline 
properties, and thus it is more preferable than an underlayer 
having a single function. Such an underlayer 20 exhibits 
above functions includes one consisting of, for example, 
amorphous CoZrNb. 

The underlayer 20 may be a modified layer formed by 
modifying the surface of the substrate^O using ion plating, 
doping in atmospheric gas, neutron beam irradiation or the 
like. Such an underlayer is preferable for preparing a 
medium because a process of depositing a thin film can be 
eliminated. 

A conventional magnetic recording medium is often pre- 
pared by depositing a CoCr-based magnetic layer on an 
underlayer consisting of Cr-based non-magnetic alloy. In 
this case, an interface layer is likely to be formed between 
the imderlayer and the magnetic layer, the interface layer 
containing elements diffused from both the underlayer aixl 
the magnetic layer. When the magnetic recording medium of 
the present invention is prepared with a material system of 
the underlayer and the magnetic layer whidi is likely to form 
an interface layer, the interface layer ^reads not on^^^ader 
the magnetic portion^5 also under the nonmagnetic* 
pot6smv36, ^luch makes ^^^nire the boundary of these 
portions. In addition, atoms mutually diffuse between the 
interface layer between the non-magnetic portion 36 and the 
underlayer 20:and the magnetic portion 35, a composition of 
the boundary portion between the magnetic portion 35 and 
the non-magnetic portion 36 may be different from that of 
the center of the magnetic portion 35. 

To avoid such situation, it is preferable to make the 
thickness of the underlayer 20 inmiediately under the mag- 
netic portion 35 thicker than that of the underlayer. inmie- 
diately under the non-magnetic portion 36. Such a consti- 
tution suppresses diffusion of atoms betn^een interface layers 
under the magnetic portion 35 and under the non-magnetic 
portion 36. In addition, it makes possible for the non- 
magnetic portion 36 to employ such a non-magnetic material 
that forms a more active interface layer than that formed 
under the magnetic portion 35. This brings about an effect 
that a range of material selection can be widened. 

A difference in thickness of the underlayer 20 shown in 
FIG. 6 which exhibits above effect may be 0.5 nm or more, 
although it depends on the thickness of the interface layer. 
There is no particular restriction to an upper limit of the 
above difference in thickness, but the difference is preferably 
20 nm or less considering preparation of the medium and the 
thickness of the underlayer 20. 

FIG. 7 is a sectional view showing another embodiment 
of the magnetic recording medium of the present invention. 
In FIG. 7, an underlayer 20 is formed on a substrate 10, and 
a magnetic portion 35 and a non-magnetic portion 36 
constituting a magnetic recording layer are formed on the 
underlayer 20. An interface layer 37 comprising at least one 
of elements constituting the magnetic portion 35 is provided 
between a part of the non-magnetic portion 36 and the 
underlayer 20. 

In general, if magnetic or non-magnetic impurity atoms 
diffiise from the underlayer 20 and enter the magnetic 
portion 35, magnetic characteristics of the magnetic portion 
35 vary on the side of the underlayer 20. It is not preferable 
for magnetic recording medium, from the viewpoint of 
performing stable recording/ reproducing, that magnetic 
characteristics differ between a portion on the side of the 
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imderlayer 20 axtd other portion, in particular, a portion on Whether the interface layer 37 forms a structure of FIG. 

the surface side facing the magnetic recording head. On the 7 or FIG. 8 should be selected according to materials of the 

other band, the non-magnetic portion 36 constituting the imderlayer 20, magnetic portion 35, and non-magnetic por- 

magnetic recording medium of the present invention func- tion 36 with taking above effects into consideration, 
tions enough if only it meets a requirement not to produce 5 FIG. 9 is a sectional view showing another embodiment 

disorder in magnetostatic energy distribution by severing of the magnetic recording medium of the present invention, 

exchange interaction between the magnetic portions 35 or by in FIG. 9, a magnetic portion 35 and a non-magnetic portion 

partly converting into a magnetic material. Even if a mag- 36 constituting a magnetic recording layer is formed on a 

netic or non-magnetic impurity atoms difiiise horn the substrate 10. On a part of the non-magnetic portion 36, an 
underlayer 20 and enter the non-magnetic portion 36, their lO interface layer 38 comprising at least one element consti- 

influence to the iK)n-magnetic portion 36 is little. When the tuting the magnetic portion 35 is formed. An underlayer may 

interface layer 37, comprising at least one element consti- be formed between the substrate 10 and magnetic and 

toting the magnetic portion 35, is formed between the non-magnetic portions 35, 36. Materials of the substrate 10 

non-magnetic portion 36 and the underlayer 20, atomic and the underlayer are similar to those employed in the 
diffusion from the underlayer 20 to the interface layer 37 is 15 recording medium shown in FIG. 6. 

caused. This makes it possible to suppress atomic diffusion the magnetic recording medium, since a protective 

from the underlayer 20 to the magnetic portion 35. As a j^yer is generally formed on the magnetic recording layer, 

result, the problem that magnetic characteristics of the adhesiveness of the protective layer to the magnetic record- 

magneUc portion 35 differ between the side of the underlayer ^^y^^ ^ important. Even in the case where the protective 
20 and the surface side can be solved. In addition, adhe- 20 jayer is not employed, a lubricant layer is formed on the 

siveness between the non-magnetic portion 36 and the magnetic recording layer. Therefore, adhesiveness and wet- 

underlayer 20 is improved by forming the interface layer 37, lability of the hibricant layer to the magnetic recording layer 

which prevents the non-magnetic portion 36 from being becomes important 

peeled off from the miderlayer 20^A magnetic head glides 3 ^^^^ .^^^^^^ ^ ^ comprising at least one 
over the magneUc recording m^um with a very small 25 ^j^^^^^ constitoting the magnetic portion 35 the non- 

^acmgofsub-micrometer.^erefore evenifpeelmg-off of 3^ -j^^^ ^ 

the non-magneuc portion 36 partiaUy occurs, a magneUc adhesiveness between the non-magnetic portion 36 and the 

recording system does not operate weU. ^^^^.^^ ^^^^^ ^^^^^^ ^^^^ ^^^^^^ ^^^^^ 

There is no particular restriction to an area of the mterf ace suffices to select a protective layer having appropriate 
layer 37 viewed from the medium face, adhesiveness and protection performance for only the mag- 
However, the area of the interface layer 37 is preferably netic portion 35, which is preferable in view of a variety of 
0S% or more of that of the non-magnetic portions 36. By material selection, mas&-productivity, and cost. The inter- 
providing such area, an effective action of the interface layer face layer 38 shown in FIG. 9 preferably has an average 
37 can be expected. A material constituting the interface thickness of 5 nm or less. 

layer 37 is magnetic or non-magnetic element, or a mixture piG. 10 is a sectional view showing another embodiment 

thereof. In a range free of influence upon the above effect, of the magnetic recording medium of the present invention, 

the interface layer 37 may or may not be in contact with the in this figure, an interface layer 38 connecting the magnetic 

magnetic portions 35. As the interface layer 37 shown in portions 35 is formed on the non-magnetic portion 36. When 
FIG. 7 is effective enough if only it is subjected to mixing ^ such interface layer 38 is formed, it makes possible to 

at the interface, an average thickness of the interface layer improve adhesiveness between the non-magnetic portion 36 

37 is preferably 5 nm or less. and a protective layer. In addition, because the magnetic 

FIG. 8 is a sectional view showing another embodiment portions 35 are connected with each other through the 

of the magnetic recording medium of the present invention interface layer 38, it is considered that the magnetic portions 

having the aforementioned interface layer 37. In this figure, 35 continuously exist on the non-magnetic portion 36. 

the interface layer 37 connects the magnetic portions 35. Therefore, it makes possible to improve adhesiveness of the 

Such interface layer 37 functions to further reduce the protective layer. The interface layer 38 may have a compo- 

influence of atomic diffusion from the underlayer 20 to the sition substantially similar to the magnetic portion 35. 

magnetic portion 35 and to further improve adhesiveness The interface layer 37 may have a composition substan- 

between the underlayer 20 and the non-magnetic portion 36. tially similar to the magnetic portion 35. Since the interface 

In addition, because the magnetic portions 35 are connected layer 37 is as thin as 5 nm or less, it turns to a non-magnetic 

with each other through the interface layer 37, it is consid- material by a superparamagnetic effect when exchange 

ered that the magnetic portions 35 continuously exist on the interaction between magnetic crystal grains constituting the 

underlayer 20. Therefore, the crystalline structure of the interface layer 37 is sufiBciently low, even if it has a 

magnetic portions 35 can be adjusted more easily by the composition substantially similar to the magnetic portion 35. 

underlayer 20. In addition, since the interface layer 37 is as thin as 5 nm or 

The interface layer 37 may have a composition substan- less, the interface layer 37 almost exists on the non-magnetic 

tially similar to the magnetic portion 35. layer 36, which prevents an adverse influence by exchange 

Since the interface layer 37 is as thin as 5 nm or less, it coupling between the magnetic materials, 
turns to a non-magnetic material by a superparamagnetic 60 Whether the interface layer 38 forms a structure of FIG. 

effect when exchange interaction between magnetic crystal 9 or FIG. 10 should be selected according to materials of the 

grains constitoting the interface layer 37 is sufficiently low, underlayer 20, magnetic portion 35, and non-magnetic por- 

even if it has a composition substantially similar to the tion 36 with taking above effects into consideration, 

magnetic portion 35. In addition, since the interface layer 37 FIG. 11 is a sectional view showing stiU another embodi- 
is as thin as 5 nm or less, the interface layer 37 almost exists 65 ment of the magnetic recording medium of the present 

on the underlayer 20, whidi prevents an adverse influence invention. In FIG. 11, an underlayer 20 is formed on a 

by exchange coupling between the magnetic materials. substrate 10, and a magnetic portion 35 and a non-magnetic 
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portion 36 constituting a magnetic recording layer are alx>ve conditions are related to only the degree of arrange- 

fonned on the underlayer 20. in FIG. 11, the non-magnetic ment of magnetic particles 32 or non-magnetic particles 34. 

portion 36 consists of an initial layer 36a being in contact Therefore, the same effect is obtained whether in the 

with the underlayer 20 and a growth layer 366 on the initial medium shown in FIG. 4 or in the medium shown in FIG. 

layer 36a. 5 5. 

Since a magnetic material and a non-magnetic material Next, manufacturing methods of the magnetic recording 

generaUy differ to each other in mechanical properties such medium according to the present invention will be 

as thermal expansion coeflScient, strain is likely to generate described. The present invention includes first to eighth 

in a region where the two materials are in contact. When methods utilizing self-organization of a blodc copolymer 

strain is generated in the contact region between the mag- 10 described below. Each manufacturing method is effective for 

netic material and the non-magnetic material, it brings about manufacturing the magnetic recording medium of the 

problems such as propagation of crack into the magnetic present invention, 

recording layer, and deterioration and peeling-off of the (1) First Method 

magnetic recording layer. If the non-magnetic portion 36 is The first method comprises the following steps of: (a) 
formed of the initial layer 36fl and the growth layer 36i), a 15 fo^jning a block copolymer layer on a non-magnetic sub- 
boundary region between the two layers 36a and 36b serves strate; (b) making the block copolymer layer form a sea- 
as a buffer region against the strain, thereby reducing island struchire by seff-organized manner in v^idi the ratio 
influence of the strain. It suffices for this purpose if only the of the etching speed between sea and island is three or more; 
boundary region between the initial layer 36a and the (c) etching the non-magnetic substrate through the block 
growth layer 36b is formed, and therefore, there is no copolymer layer having the sea-island structure; (d) depos- 
specific restriction with respect to the thickness of these iting a magnetic layer in an etched region of the non- 
layers. Similar effect is obtainable when the magnetic por- magnetic substrate; and (e) liffing-off remaining polymer 
tion is formed of an initial layer and a growth layer. layer and the magnetic layer on the polymer layer. In the step 
As for the ordered particle domains in the magnetic (d), an underlayer and a magnetic layer may successively 
recording medium of the present invention, it is preferable ^ deposited. The underlayer may be of a multilayered struc- 
that a fuU width at half maximum of distribution of an angle ture. Hereinafter, each of the steps will be described, 
formed between an array axis of each ordered particle (a) Hie step of forming a block copolymer layer on a 
domain and a track length direction is set to 40 degrees or non-magnetic substrate. 

less. ^ A block copolymer is a Unear copolymer consisting of a 
The array axis means the closest array axis to the track plurality of different homopolymers. The block copolymer 
length direction, among the arrangement axes 2 along which may be either of binary or of ternary or more. An example 
magnetic particles 32 are arrayed in the ordered particle of block copolymer contains polystyrene and polyisoprene 
domains 1 shown in FIG. 4 or the arrangement axes 4 along at a ratio of 7:3, and has a molecular weight Mw of about 
which non-magnetic particles 34 are arrayed in the ordered 500,000, distribution of the molecular weight being 1.1 or 
particle domains 3 shown in FIG. 5. less. The block copolymer is employed as a solution dis- 
An angle formed between the array axis 2 or 4 and the solved in, for example, a cellosolve-based solvent The 
track length direction is 60 degrees at maximum in the case solution is applied on the non-magnetic substrate by spin- 
where the magnetic particles 32 or non-magnetic particles coating or the like to form a blodc copolymer layer. 
34 in domains 1 or 3 fonm triangular lattice, and is 45 (b) The step of making the block copolymer layer to form 
degrees at maximum in the case of square lattice. FIG. 12 is a sea- island structure by seff-organized manner in which the 
a graph showing a relationship between the angle formed ratio of the etching speed between sea and island is three or 
between the array axis and the track length direction, and the more. 

number of order^ particle domains. As shown in FIG. 12, When a block copolymer layer is annealed, it forms a 

the number of domains has a certain distribution with 45 self-organized structure called a sea-island structure. The 

respect to the angle formed between the array axis and the sea-island structure denotes a structure, for example in a 

trade length direction. On the other hand, in a random diblock copolymer, in which one block constitutes islands 

medium, it is considered that the relationship between the and the other block becomes sea surrounding the islands, 

number of domains relative to the angle represents flat When a volume fraction of one block is 30% or less, for 

distribution. 50 example, the see-island structure is formed. An example of 

Assuming that information is reproduced by a magnetic such sea-island structure includes a structure in whidi 

head while rotating a magnetic recording medium, as the islands made of polyisoprene having an average diameter of 

arrangement axes are more uniformly oriented to the track about 10 nm at minimum are orderly dispersed in the 

length direction, deviation of the array axis horn the track polystyrene sea. 

length direction tends to be constant or below a certain 55 When the block copolymer layer having the sea-island 

value. This is preferable to reduce media noise and jitters structure is treated with ozone, for example, ratio of the 

generated due to the above deviation. In other words, the etching speed in reactive ion etching (RIE) using CF4 

more domains having an array axis forming a small angle to described later can be adjusted to polystyrene searpolyiso- 

the track length direction are present, the more preferable. prene islandal:4. In this maimer, when the etching speed is 

From studies on correlation between FWHM of distribu- 60 greater in islands, a pattern of holes corresponding to islands 

tion of angles formed between the array axis and the can be formed in the substrate by etdiing process for the 

scanning direction and medium noise, the present inventors substrate through the block copol3ncner. 

have found that the noise level for an angle of 40° becomes Which of etching rates of sea and islands in the block 

90% of that for an angle of 60**. The FWHM of distribution copolymer layer may be high. However, whichever the 

of angle formed between the array axis of each domain and 65 etctiing rates of sea and islands is high, it is difficult to form 

the trade length direction is preferably 40** or less, more a pattern by etching unless the etching speed ratio 

preferably 20** or less, and most preferably 10** or less. The (selectivity ratio) between the two regions is three or more. 
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When a material of block copolymer itself has above selec- is perfonned in stead of above ozone treatment for the block 

livity ratio, ozone treatment or the like is uimeccssary. It is copolymer layer having the sea-island slructiuc. When an 

preferable that ozone treatment or the like does not required, etching ^ed of sea is higher than that of islands, a pattern 

because manufacturing steps are reduced. can be formed on the sub^rate by etching in such a manner 

(c) The step of etching the non-magnetic substrate 5 that the islands remain. Further, a non-magnetic substrate is 
through the block copolymer layer having the sea-island etched so that the islands remains, and then the etched region 
structure corresponding to the sea of the non-magnetic substrate is 

An etching process such as RIE by CF, is perfonned ""^S"'}^^ "'*'«'?'^' '*»««»'y it po^ible to 

through the block copolymer layer having a ^a-island ^^^^T ? reco^hng medium of the present mven- 

struc^. the ratio of etching sp^ thereof having been ' "» non-magneuc ^cles are 

adjusted in step (b). By the etching process, only sea or "^y"* Jf ! ""'g"*^^ matr«. In the case where such 

, . . u ; t.- J* .u -t J * medium havmg a structure m which non-magnetic particles 

islands havmg a high etchmg speed m the sea-i^and slruc- , • .u » - • * u - . j A. 

. , , t ' c . J are dispersed m the magnetic matrix is fabricated, the same 

ture of the block copolymer layer is first removed. For ^"^^ euv^v 

, . . ..'^ , , ^ . , effect as described above can be obtained. 

example, when the block copolymer layer is ozone-treated ^""^ u«a-iu«*i oukj ^ 

in the step (b) as described above, only polyisoprene islands (2) Second Method 

are removeid by etching, and the polystyrene sea remains. The second method includes the following steps of: 

Then, following the etching of the sea or islands, the (a) depositing a non-magnetic layer on a substrate; (b) 

non-magnetic substrate is removed by etching. In this forming a block copolymer layer on the non-magnetic layer, 

manner, the non-magnetic substrate is processed through the (c) making the block copolymer layer form a sea-islaod 

block copolymer layer ^ structure by self-organized manner in whidi the ratio of the 

(d) The step of depositing a magnetic layer in an etched etching speed between sea and island is three or more; (d) 
region of the non-magnetic substrate. etching the non-magnetic layer through the blodc copolymer 

After the non-magnetic substrate has been etched, a ^^y^:' ^ sea-^land structure; (e) depositing a mag- 

magnetic layer is deposited by, for example, sputtering. 25 "^^'^ ^^^^i.^ t region of the non-magneUc sub- 

TTiSTthe magnetic layer is deposited in the etched region of (9 hhing-oQ remaming polymer layer and the 

the non-magnetic substrate (for example, holes correspond- "^^e^f ^^y^J °° ^^7^^' ^^^t ^ ^ 

ing to tbeV>lyisoprene islands) and on the surface of underUyer and amagneUclayermay be sucoe^^^ 

remaining polymer layer (for example, polystyrene sea). In undedayer may be of a muttilayered structure./ 

this step, an underlayer and a magnetic layer may be 30 above steps, the steps (b) to (f) are similar to the 

subsequently deposited. The underlayer may have a multi- steps (a) to (e) in the first method. 

layered structure. 1° Ihe second method, a non-magnetic layer that serves as 

(e) nie step of lifting-off remaining polymer layer and the ^ m**^ deposited on a substrate in the step (a). Hierefore, 
magnetic layer on the polymer layer. * Wock copolynaer layer is formed on the non-magnetic 

z, . . , , . , X ic layer m the step (b), the block copolymer layer is made mlo 

Tht remaming polymer layer (for example, polystyrene) ^ ^ ^^-island structure in the step (c), and then nsactive ion 

and the magnetac layer or the underlayer and the magnetic ^ ^ performed in the step (d). At this stage, a depth of 

layer on ttie polymer layer are removed by hftmg-off usmg ^ ^ ^ ^ ^ ^y^^ j^^^ ^j^^^ 

an org^ solv^ °' S^^^' etching is stopped in the non-magnetic layer, and thus the 

remov y asning or e . ^ non-magnetic layer is exposed; or (ii) etcl^ng is stopped on 

Using the above steps of (a) to (e), a magnetic layer can surface or under the surfece of the substrate, and thus the 

be filled in the non-magnetic substrate in accordance with substrate is exposed. Further, a magnetic layer only or an 

the pattern of the sea-island structure of the block copolymer underlayer and a magnetic layer are deposited, 

layer. In this manner, a magneUc recording medium of the ^ non-magnetic layer functions as an 

present invention in whidi magnetic particles arc dispersed underlayer under the magnetic layer or upper underlayer. For 

in the non-magnetic substrate (non-magnefac matrix) can be example, when a dielectric thin fihn such as ZnO is 

formed. employed as a non-magnetic layer and CoPt is employed as 

The above method is clearly inexpensive compared with a magnetic layer, ZnO acts to promote c-axis orientation of 
a method for forming a mask by electron beam direct write. the magnetic layer. Thus, there can be provided a CoPt — 
In addition, since a plurality of media can be processed XsO magnetic recording layer having perpendicular mag- 
simultaneously by annealing, throughput of the media of the netic anisotropy. In the case of (ii), by depositing an under- 
present invention is not lowered. layer or magnetic layer that exhibits good orientation on the 

According to this method, because the substrate serves as substrate in the step (e), magnetic diarac^eristics of the 

the EK>n-magnetic matrix, a problem of peeling-off of the magnetic recording medium can be improved, 
non-magnetic matrix does not occur, even in the case where 55 (3) Third Method 

planarization process using, for example, chemical mechani- The third method includes the following steps of: (a) 
cal polishing (CMP) is required after the remaining polymer depositing an underlayer on a substrate; (b) depositing a 
layer has been removed. Therefore, the polishing conditions non-magnetic layer on the underlayer, (c) forming a block 
may be optimized for the magnetic portion only, making it copolymer layer on the non-magnetic layer, (d) making the 
easy to prepare the recording medium. Further, it is prefer- ^ bio^k copolymer layer form a sea-island structure by self- 
able from the viewpoint of high density recording that oiganized manner in which the ratio of the etching speed 
peeling-off of the non-magnetic matrix does not occur, between sea and island is three or more; (e) etching the 
because a magnetic head can be operated with a low flying non-magnetic layer through the block copolymer layer hav- 
height. ing the sea-islaiid structxire; (f) depositing a magnetic layer 
Note that, as described in. For example, M.Park: Science, 65 in an etched region of the non-magnetic layer, and (g) 
vol. 276, p. 1401, 1997, it is possible to reverse the ratio of lifling-off remaining polymer layer and the magnetic layer 
etching speed between sea and islands if osmium treatment on the polymer layer. The underlayer deposited in the step 
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(a) may have a multilayered slnictuie. Id the step (Q, an entire surface. Id the step (e), ao UDderlayer (which may be 
UDckrlayer (which may be of multilayered structure) and a of multilayered structure) aod a magnetic layer may be 
magnetic layer may be successively deposited. Of the above deposited. Of the above steps, the steps (a) to (e) are similar 
steps, the steps (c) to (g) are the same as the steps (a) to (e) to those in the first method. 

in the first method. 5 In this method, the remainiDg polymer layer is completely 

In this method, the underlayer is first deposited od the removed in the step (d), prior to depositing a magnetic thin 
substrate in the step (a) and the noD-magnetic layer is film in the step (e). In this case, an organic material 
deposited in the step (b), and then, the block copolymer layer constituting the polymer is prevented firom mixing with the 
is formed in the step (c). For example, a metal layer such as magnetic layer. When the lifting-off process is employed as 
Cr is deposited as an underlayer in the step (a) and a lO in the first to fourth methods, burrs of magnetic material or 
dielectric such as SiOj is deposited as a oon-magnetic DOD-magDetic material are likely to be produced. Therefore, 
matrix id the step (b). In this case, when RIE using CF4 is for a medium over which a magnetic head is operated with 
perfonned in the step (e), the underlayer acts as an etching low flying height, it is required to determine cooditions that 
stop layer, thereby makiDg it possible to stop etching pre- burrs are unlikely generated. On the contrary, since the fifth 
cisely on the sur&ce of the underlayer. In addition, by 15 method does not employ the lifting-off process, manufac- 
continuing etching after the underlayer has been exposed, it turing of the medium becomes easy. In this method, CMP 
is possible to remove orgaoic materials or impurities od the process is required to planarize the magnetic layer deposited 
surface of the uDderlayer so as to dean the surface. Thus, it on the whole entire in the step (f). In this method, by 
is possible to improve orientation of the magnetic layer to be stopping the CMP process before the surface of the non- 
deposited on the surface of the underlayer. 20 magnetic substrate is completely exposed iD the step (f), a 
(4) Fotulh Method - magnetic recording medium in whidi an interface layer is 
llie.foiirth method includes the following steps of:i(a) formed on the non-magnetic portion, shown in FIGS. 9 or 
depositii^ a magnetic layer on a substrate^b) forming a 10, can be manufactured. In addition, this method provides 
block copolym^^ layer on the magnetic layer, (c) making the an advantage that peeling-off of the non-magnetic matrix 
block copolymer layer form a sea-island structure by self- 25 because the non-magnetic substrate serves as the non- 
oiganized mann^ in'\«^ch the ratio of the etching s^d magoedc matrix, like the first method, and another advan- 
between sea and island is three or more^ etching tage that CMP process conditions may be optimized for the 
magnetic la yer through the block copolymen aycr h^ opg magnetic material only. The aforementioned effect is 
the sca-island struct me; {€) depositmg a non-magpetic layer^^ obtained similarly in the case of manufacturing a medium 
in an etched region of the magnetic layer;tand (f) lifiing-off 30 having a structure in which non-magnetic particles are 
remaining polymer layer and the non-magnetic layer on the dispersed in a magnetic matrix, 
polymer layer. In the step (a), an underlayer (which may be (6) Sixth Method 

of multilayered structure) iand a magnetic layer may be The sixth method includes the following steps o£ (a) 
deposited. The above steps are similar to those included in depositing a non-magnetic layer on a substrate; (b) forming 
the first to third methods. 35 a block copolymer layer on the non-magnetic layer; (c) 

In this method, the magnetic layer is first deposited on the making the block copolymer layer form a sea-island struc- 
substrate in the step (a), the block copolymer layer is formed ture by self-organized manner in which the ratio of the 
in the step (b), and a recess is formed in the magnetic layer etching speed between sea and island is three or more; (d) 
in the step (c^, and then, non-magnetic layer as a matrix is etching the non-magnetic layer through the block copolymer 
filled in the recess in the step (e). In the step (d), plasm»x40 layer having the sea-island structure; (e) removing remain- 
generated in carbon monoxide and/or anunonia(VC^,^bN^^ ing polymer layer; (f) depositing a magnetic layer in an 
employed as a RIE reaction gas for etching the magnetic/ etched region of the non-magnetic layer; and (g) performing 
material. ^ chemical medianical polishing for an entire surface. In the 

In this method, since the magnetic layer is formed as a step (f), an underlayer (which may be of multilayered 
thin film in the step (a), there is provided an advantage that 45 structure) and a magnetic layer may be deposited. This 
orientation or magnetic characteristics can be easily con- method comprises the step (a) of depositing the non- 
trolled as compared with a case where a magnetic material magnetic layer on the substrate before performing the fifth 
is filled in recess formed in a non-magnetic material. In ^ method. 

addition, when an underlayer and a magnetic layer ?are The sixth method also has advantages that, like the fifth 
deposited in the step fo), by etching the magnetic layer up to 50 method, an organic material constituting the polymer is 
the underlayer in the step (d), a magnetic recording medium prevented from mixing with the magnetic layer because the 
having a structure shown in FIG. 6 can be prepared. Further, remaining polymer layer is removed in the step (e) prior to 
in the step (d), if etching is stopped in the magnetic layer so depositing a magnetic thin film, and burrs are not produced, 
as not to completely etdi the magnetic layer, a magnetic In addition, since the matrix layer made of a non-magnetic 
recording medium having a structure shown in FIGS. 7 or 8 55 material is first deposited in the first step (a) and then the 
can be prepared. block copolymer layer is formed in the step (b), an effect 

(5) Rfth Method similar to that described in the second method can be 

The fifth method includes the following steps of: (a) obtained. Also in this method, like the fifth method, by 
forming a block copolymer layer on a non-magnetic sub- stopping the CMP process before the surface of the non- 
strale; (b) making the block copolymer layer form a sea- 60 magnetic substrate is completely exposed in the step (g), a 
island structure by self-orgaDized manner in which the ratio magnetic recording medium in which an interface layer is 
of the etdiing speed between sea and island is three or more; formed on the non-magnetic portion, shown in FIGS. 9 or 
(c) etching the non-magnetic substrate through the block 10, can be manufactured, 
copolymer layer having the sea-island structure; (d) remov- (7) Seventh Method 

ing remaining polymer layen (c) depositing a magnetic layer 65 The seveDth method includes the following steps of: (a) 
in an etched region of the oon-magnetic substrate; and (f) depositing an underlayer on a substrate; (b) depositing a 
performing chemical mechanical polishing (CMP) for an non-magnetic layer on the underlayer; (c) forming a block 
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copolymer layer on the Don-magnetic layer; (d) making the 
blcKk copolymer layer form a sea-island structure by self- 
organized manner in wtiicb the ratio of the etching speed 
between sea and island is three or more; (e) etdiing the 
non-magnetic layer through the block copolymer layer hav- 
ing the sea-island structure; (f) removing remaining polymer 
layer; (g) depositing a magnetic layer in an etched region of 
the non-magnetic layer; and (h) performing chemical 
mechanical polishing for an entire surface. The underlayer 
deposited in the step (a) may have a miiltilayered structure. 
In the step (g), an underlayer (which may be of multilayered 
structure) and a magnetic layer may be deposited. This 
method comprises the step (a) of depositing one ore more 
underlayers on the substrate before performing the sixth 
method. 

The seventh method also has advantages that, like the fifth 
method, an organic material constituting the polymer is 
prevented from mixing with the magnetic layer, and burrs 
are not produced. In addition, since the underlayer is first 
deposited in the fiiist step (a) and then the non-magnetic layer 
as a matrix is deposited in the step (b), an effect similar to 
that described in the third method can be obtained. Also in 
this method, as in the fifth method, by stopping the CMP 
process before the surface of the non-magnetic substrate is 
completely exposed in the step (h), a magnetic recording 
medium in which an interface layer is formed on the 
non-magnetic portion, ^own in FIGS. 9 or 10, can be 
manufactured. 

(8) Eighth Method 

The eighth method includes the following steps of: (a) 
depositing a magnetic layer on a substrate; (b) forming a 
block copolymer layer on the magnetic layer, (c) making the 
block copolymer layer form a sea-island structure by self- 
organized manner in which the ratio of the etching speed 
between sea and island is three or more; (d) etching the 
magnetic layer through the block copolymer layer having 
the sea-island structure; (e) removing remaining polymer 
layer; (f) depositing a non-magnetic layer in an etdied 
region of the magnetic substrate; and (g) performing chemi- 
cal mechanical polishing for an entire surface. In the step (a), 
an underlayer (which may be of multilayered structure) and 
a magnetic layer may be deposited. The above steps are 
similar to those included in the fifth to seventh methods. 

The eighth method also has advantages that, like the fifth 
method, an organic material constituting the polymer is 
prevented &om mixing with the magnetic layer, and burrs 
are not produced. In addition, in this method, there can be 
provided an effect similar to that described in the fourth 
method. That is, since the magnetic layer is formed as a thin 
film in the step (a), there is provided an advantage that 
orientation or magnetic characteristics can be easily con- 
trolled as compared with a case where a magnetic material 
is filled in recess formed in a non-magnetic material. In 
addition, when an underlayer and a magnetic layer are 
deposited in the step (a), by etching the magnetic layer up to 
the underlayer in tl^ step (d), a magnetic recording medium 
having a structure shown in FIG. 6 can be prepared. Further, 
in the step (d), if etching is stopped in the magnetic layer so 
as not to completely etch the magnetic layer, a magnetic 
recording mediimi having a structure shown in FIGS. 7 or 8 
can be prepared. 

The present invention relates to a magnetic recording 
medium such as ordered magnetic particle mediuim and 
ordered non-magnetic pore medium and a method thereof. 

Next, an magnetic recording medium having a higher 
regularity of array of magnetic particles of non-magnetic 
particles (non-magnetic pores), than the aforementioned 



)2,620 Bl 

24 

magnetic recording medium fabricated by uang the block 
copolymer, and a method of manufacturing the magnetic 
recording medium will be described. The ordered magnetic 
particle medium or ordered non-magnetic pore medium 
5 having such a structure that magnetic particles or iK)n- 
magnetic pores of several tens nm or less in size arc arrayed 
regularly. Hereinafter, the present these magnetic record^g 
media will be described in detail with reference to the 
drawings. 

(A) Ordered Magnetic Particle Medium 
FIG. 13 is a schematic view showing an example of an 
ordered magnetic particle mediiun according to the present 
invention; FIG. 13A is a plan view thereof; and FIG. 13B is 
a sectional view thereof. 

In the ordered magnetic particle mediimi according to the 
present invention, a seed layer 20 is formed on a substrate 
10, and a magnetic recording layer 30 is formed on the seed 
layer 20. The magnetic recording layer 30 comprises a 
plurality of magnetic particles 31 arrayed regularly in a 
non-magnetic matrix 32. A protective layer 40 is formed on 

20 the magnetic recording layer 30. The term "regularly 
arrayed" means that a full width at half maximum of 
distribution of distance between the closest magnetic par- 
ticles is equal to or less than ±40% of average distance 
between the closest magnetic particles. 

25 A material forming the substrate 1 includes a material 
employed for a general magnetic medium such as glass. Si, 
or NiP coated material thereon. 

The seed layer 20 is a layer for controlling crystallinity of 
the magnetic layer 30, but may not be employed. The seed 

30 layer 20 includes Cr, Cr-alloy based, Cr, NiFe or the hke. 
The film thickness of the seed layer 20 is preferably 0 to 200 
nm (0 nm ^en the seed layer 2 is not employed) and more 
preferably 0 to 100 nm. The seed layer is provided mainly 
to control crystallinity of the recording layer in the case of 

35 longitudinal recording. In the case where the recording layer 
consists essentially of Co, a Cr-based or V-based alloy with 
relatively small mismatching lattice constant with hep crys- 
tal of Co can be employed as a seed layer. The seed layer is 
grown in cone shaped or column shape on the substrate 

40 surface. If the film thickness is too thin, the crystallinity of 
the seed layer itself is insufficient, and an effect as the seed 
layer is insufficient. The crystallinity in a thin film region of 
the seed layer depends on a deposition method. When an 
ultrahigh vacuum guttering method is appUed, sufficiently 

45 good crystallinity is exhibited even in the thickness of 50 nm 
or less, for example, that of 20 rmi. Therefore the lower limit 
of the thidmess of the seed layer in controlling the crystal- 
linity of the recording layer can be 20 nm or less. In the 
magnetic mediimi according to the present invention, it is 

50 possible to make a matrix material that function as a seed 
layer. Therefore, the present invention may take a structure 
having no seed layer or may take a stmcture having a seed 
layer with a thickness of 20 imi or less, which has an 
insufficient crystallinity but helps the effect of matrix to 

55 control the crystallinity of magnetic particles. On the other 
hand, when an amorphous magnetic material such as rare 
earth-transition metal (RE-TM) is employed as a magnetic 
particle material, it is unnecessary to select materials for the 
seed layer and the matrix for controlling crystallinity. In the 

60 structure without the seed layer, the recording layer may be 
directly formed on a substrate or may be formed on any 
imderiayer other than seed layer. If the seed layer is too 
thick, the crystal particle size on the seed layer surface is 
excessive, and the particle size in the recording layer formed 

65 thereon is inhibited firom being smaller Therefore, the upper 
limit of the thidaiess of the seed layer is preferably 200 nm, 
more preferably 100 nm, and further more preferably 50 run. 
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The thickness of the magnetic recording layer 30 is 
preferably 5 to 50 om and more preferably 10 to 25 nm. The 
lower linoit of the thickness is determined by resistance to 
thermal distiufoance, and thus, varies depending on a mag- 
netic material employed. For example, since a sufficient 
themial distribution resistance can not be ensured in a 
Co — Cr based magnetic material of less than 10 nm, the 
lower limit of the thickness is 10 am. A magnetic material 
with high magnetic anisolropy such as Co — Pt based or 
Fe — Pt based material exhibits sufficient thermal distur- 
bance resistance up to the thickness of about 7 am. A 
Sm — Co based magnetic material with higher anisotropy 
exhibits sufficient thermal disturbance resistance even ia 5 
nm. The upper limit of the thickness of the magnetic 
recording layer is determined by resolution. An indicator of 
resolution is Mrt/Hc in a longitudinal medium, and thus, the 
thickness "t" of the lecordiag layer can be thickened in the 
case of high He. The upper limit of the thickness of the 
recording layer depends on linear recording density 
(requirement for resolution) and He. It should be 50 nm at 
maximum, and preferably 25 am. 

A non-magnetic matrix 31 can be widely selected from 
oxides, nitrides, carbides, borides, or organic materials such 
as C (carbon). Si— O, Si— N, Si— C, Th— N, Ti— C, Al— N, 
Ta—O, Ta— N, Al— O, ITO, lr>-N, In— O, B-^, Zr- N, 
Zr— O, and PTTE. 

A material forming magnetic particles 32 can be widely 
selected from materials such a Co-based alloy, rare earth- 
transition metal alloy (RE-TM), magnetic oxide or the like. 
Examples of the Co-based alloy are Co — Cr, Co — Pt, 
Co-^e, Co— Cr— Ta, Co— Cr-^, Co— Cr— Pt-Ta, Co, 
Fe, Tb-^e, Tb— Co, Tb— Fe— Co, Gd— lb — ^Fe— Co, 
Gd— Dy— Fe— Co, Nd— Fe— Co, Nd— Tb— Fe— Co, 
PtMnSb, Ce ferrite, Ba ferrite or the like. Of the above 
mentioned magnetic particle materials, particularly prefer- 
able materials in the present invention are magnetic mate- 
rials with less segregation such as Co — ^Pt-based alloy, 
Co — Tb, Co, Co — Fe, rare earth-transition metal alloy or the 
like. 

A protective layer 6 is made of C or the like, but the 
protective layer 6 may not be employed. The thickness of the 
protective layer 6 is preferably 0 to 20 imi (0 nm means the 
structure without the protective layer 6) and more preferably 
0 to 10 nm. The lower limit of the thickness of the protective 
layer 6 is defined by the protective function for the recording 
layer. In the case of a conventional multigrain random metal 
medium having a microstmcture in which magnetic particles 
are surrounded by grain boundaries, the medium itself has 
insufficient mechanical aixl chemical stability. Thus, the 
coating of the protective film typically of C-based film is 
indispensable, and a protective film of at least about 10 nm 
is required. In the present invention, since it is possible to 
make the matrix material function to protect the magnetic 
particles, and thus, the protective film may not be employed. 
In addition, in order to help protection function by the 
matrix, it is further effective to provide a protective film 
having a thickness of 10 nm or less. The upper hmit of the 
thickness of the protective layer is defined by a pacing loss. 
Thicker protective thickness may lose abrupt gradient of the 
recording magnetic field from the head as well as the spatial 
abrupt gradient of the signal magnetic field generated from 
the medium, and thxis, improvement in linear density is 
inhibited. The upper limit of the thidcness of the protective 
layer shoidd be 20 nm at maximiun, and preferably 10 nm, 
although it depends on linear density, bead structure, head 
flying height or the like. 

The crystalline magnetic anisotropy and magnetic prop- 
erties of the magnetic recording layer 30 can be adjusted by 
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the crystallinity of the aforementioned seed layer 20, the 
thickness of the seed layer 20, the magnetic material and the 
thickness of the magnetic particles 32. For example, when 
relatively thidc Cr is employed for the seed layer 20 and 

5 relatively thin Co — Pt or Co — Fe is employed for the 
magnetic particles 32, the magnetic recording layer 30 
exhibits in-plane magnetic anisotropy. When relatively thin 
Cr is employed for the seed layer 20, the magnetic recording 
layer 30 exhibits three-dimensionally random magnetic isot- 

10 ropy. When NiFe is employed for the seed layer 20 and 
relatively thick Co — Pt or Co — Fe is employed for the 
magnetic particles 32, the magnetic recording layer 32 
exhibits magnetic anisotropy in a direction perpendicular to 
the film surface. 

15 The crystalline magnetic anisotropy and magnetic prop- 
erties of the magnetic layer 30 can also be adjusted by 
deposition conditions of the seed layer 20 and magnetic 
particles 32. In the present invention, the magnetic anisot- 
ropy and magnetic properties after ordered magnetic par- 

20 tides are formed are more important. 

The present inventors performed simulation of magnetic 
recording medium prior to realization of the present inven- 
tion. As a result of the simulation, it is found that, when the 
magnetic particles 32 are arrayed regularly, significant 

25 reduction is observed in medium noise and the S/N ratio is 
improved Further, its reduction effect is found to be sig- 
nificant in the case where diversion of distance between 
particles in FWHM is 40% or less, and to be further 
significant in the case where the dispersion of particle 

30 diameter in FWHM is 20% or less. 

In the ordered magnetic particle medium according to the 
present invention, one magnetic particle 32 is not a mini- 
mum recording unit. That is, a minimum recording cell 5 
shown in FIG. 13 is not composed of only one magnetic 

35 particle 32, but is composed of at least four magnetic 
particles 32 in track length direction. The minimum record- 
ing cell means a recording cell having the shortest cell 
length, which varies according to modulation method. 
When the minimum recording cell 7 is composed of a 

40 plurahty of magnetic particles 32 according to the present 
invention, a magnetic recording medium can be designed 
according to the head track width, gap length, servo preci- 
sion or the like. In addition, the medium noise is sufficiently 
lowered and the S/N ratio can be improved. The number of 

45 magnetic particles 32 in the mim'miim recording cell 5 
depends on recording density and an aspect ratio of the 
recording cell. 

In the present invention, since the non-magnetic matrix 31 
exists between particles 32, there is no need for segregation 

50 of Cr or the like. 

(B) Ordered Non-magnetic Pore Medium 
FIG. 14 is a schematic view showing an example of an 
ordered non-magpetic pore medium according to the present 
invention; FIG. 14Ais a plan view of a minimum recording 

55 cell; and FIG. 14B is a sectional view thereof. In the ordered 
non-magnetic pore medium shown in FIG. 14, a seed layer 
20 is formed on a substrate 10, and a magnetic recording 
layer 30 is formed on the seed layer 20. The magnetic 
recording layer 30 comprises a plurality of non-magnetic 

60 pores 34 arrayed regularly in a continuous magnetic film 33. 
A protective layer 40 is formed on the magnetic recording 
layer 30. That the non-magnetic pores are arrayed regularly 
means that FWHM of distribution of di^ance between the 
closest non-magnetic pores is ±40% or less of average 

65 distance between the closest non-magnetic pores. 

Material employed for the substrate 10, the seed layer 20, 
and the protective layer 40 may be similar to those forming 



us 6,602,620 Bl 
27 28 

Ibe substrate 10, the seed layer 20, and the protective layer material is coosidered to be infmite. Therefore, in the 
40 in the ordered magnetic particle medium shown in FIG. ordered non-magnetic pore medium, even if the non- 
13. In addition, the thickness of the magnetic recording layer magnetic pores are made small and are dispersed with high 
30 in FIG. 14 is similar to that of the magnetic recording density, there arises no problem of thermal disturbance, 
layer 30 in the ordered magnetic particle mediiun in FIG. 13. 5 In order that the non-magnetic pores 34 effectively act as 
A magnetic material forming a continuous magnetic film pining ates for the domain walls 6, the pore diameter is 
33 can be selected from those similar to the magnetic preferably 0.5 or more of the width of the domain walls 6. 
particle materials in the ordered magnetic particle medium. In order to obtain low noise characteristics, the pore diam- 
It can be widely selected fr^m polycrystalline magnetic eter is preferably three times or less of the width of the 
materials or amorphous magnetic materials. Particularly lo domain walls 6. Typically, when an ordered non-magnetic 
preferable materials include Co — Pt-bascd alloy, Co — Tb, pore medium is fabricated with a method not employing 
Co, Co — Fe, rare earth-transition metal alloy (RE-TM), deposition in magnetic field or the like, the continuous 
which easily forms a continuous magnetic material and has magnetic film 33 exhibits a magnetizarion state haviiig the 
less pining sites for domain walls. Co — Tb is a material domain waUs 6 immediately after formation. In general, a 
belongs to RE-TE, and is a material for optical magnetic is pattern of the domain walls 6 appeared on the continuous 
recording rather than magnetic recording, but it is an amor- magnetic film 33 immediately after deposition is a random 
pbous continuous magnetic film free from grain boundaries maze pattern. However, in the case where a non-magnedc 
and can be processed well. In addition, Co — Tb has advan- pore diameter ranges between OS and 3 times of the domain 
tages that it gives high signal output since it has a relatively wall width, the domain walls 6 do not exhibit maze shape, 
large saturation magnetization (Ms) among RE-TM alloys; 20 but exhibit such a regular array connecting the non-magnetic 
it has superior operating temperature diaracteristics since it pores 34 as shown in FIG. 13. 

has a high Curie point; it exhibits good CSS resistance since Whether the domain walls 6 connect the non-magnetic 

it has good corrosion resistance. pores 34 or not depends on domain wall energy and demag* 

A material fr)rming the non-magnetic pores 34 can be netizing field energy. That is, in the case where the domain 

selected from those similar to the materials forming the 25 wall energy is greater than the demagnetizing field energy, 

non-magnetic matrix 31 in the ordered magnetic particle the domain walls 6 are made stable in energy by connecting 

medium. the non-magnetic pores 34. In the contrary case, the domain 

The non-magnetic pores 34 are connected with each other walls 6 are made stable in energy when they are formed at 

with domain walls 6. The domain wall 6 is a part of the portions other than non-magnetic pores 34 without connect- 

continuous magnetic film 33. For example, when magneti- 30 ing the non-magnetic pores 34, and thus, the domain walls 

zations of two adjacent recording cells are directed to 6 do not cormect the non-magnetic pores 34. The present 

opposite directions with each other, the domain wall 6 inventors found out that it would be preferable to select a 

positioned between these cells has magnetization in inter- magnetic material and array of non-magnetic pores so that 

mediate direction of the two directions. The domain walls 6 the domain wall energy is made higher than the demagne- 

in the present invention may be various types depending to 35 tizing field energy to lower the medium noise and to improve 

the type of the continuous magnetic film 33, and are not the S/N ratio. That is, in order to reduce magnetization 

particular restricted. For example, the types of domain walls transition noise, the E^WHM of distribution of distance 

6 include Broch domain wall and Neel domain wall. between the closest pores of the non-magnetic pores 

In the ordered non-magnetic pore medium according to included in the minimum recording cell is preferably 

the present invention, since the regularly arrayed oon- 40 adjusted to ±40% or less of average distance between the 

magnetic pores 34 act as pining sites of the domain walls 6, closest pores. 

the shape of the domain walls 6 foUows regularity of the Table 1 shows recording densities of magnetic recording 

non-magnetic pores 34. Therefore, nevertheless the mag- media and particle diameter of magnetic particles^ the inter- 

netic film 33 is a continuous film, the medium has a very low particle distance, pore diameter and interpore distance 

noise and has an improved S/N ratio. In addition, in the 45 required when the present invention is applied to these 

continuous magnetic film 33, the volume of the magnetic magnetic recording media. 

TABLE 1 



Simulated features of ordered magactic particle media and ordered oon-magaeUc 
pore media 



lecoiding density (Gb^n^ 



50 100 200 



aspect ratio 


10 


1 


10 


1 


10 


1 


trade density (kTPI) 


71 


224 


100 


316 


141 


447 


track width (nm) 


360 


113 


254 


80 


180 


57 


bit density (kBPI) 


710 


224 


1000 


316 


1410 


447 


shortest cell length* (nm) 


47.5 


151 


33.8 


107 


24 


76 


paitide diameter 


11.9 


37.8 


85 


26.8 


6 


19 


(upper limit; nm) 














interparticle 


13-15 


39-47 


9-11 


28-34 


7-75 


20-24 


distance (nm) 
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TABLE l^ntinued 

Simulated features of ordered magnetic partide media and ordered aoD-magmtic 
pore media 

recording density fGb/iii') 

50 100 200 

pore diameter US 1&4 8^ 12^ 6 8^ 
(nq^per limit; nm) 

inteipore distance (nm) 15-72 ^23 11-51 ^16 75-36 ^11 
*ln the case vrbcn 1 to 7 modulation is adopted 



Although the recordiDg ceU a^ct ratio is about ^ in a 
conventional magnetic medium, it is expected a trend to 
make the aspect ratio smaller, i.e., a trend to make the track 
narrower will be advanced more rapidly than to make bit 
pitch narrower. Thus, in Table 1, there are shown cases when 
aspect ratio is 10 and 1 (proposed as a so<:alled square bit). 
The relationship between the bit density and the shortest cell 
length depends on a sigaal processing method. In Table 1, 
employed are converted values when a 1/7 modulation 
system is adopted. 

As described previously, in the case of the ordered mag- 
netic particle medium, the minimum recording ceU contains 
at least four magnetic particles, and thus, the most preferable 
particle diameter is 1/4 or less of the minimum recording cell 
length in order to achieve low noise performance. Therefore, 
in Table 1, the particle diameter is set to 1/4 of the cell 
length. 

The density of magnetic particles is set to 50% or more to 
obtain sufficiently large medium signal output; and the 
interparticle distance is set to (particle size+l nm) so that 
exchange interaction between the particles can be com- 
pletely disrupted. The number of magnetic particles 
included in the minimum recording cell is expressed by a 
value obtained by dividing the product of the trade width and 
the shortest recording cell length by the interparticle dis- 
tance. 

In the ordered non-magnetic pore medium, the pore 
density is set to 50% or less to obtain sufficiently large 
medium signal output. Although the interpore distance equal 
to or smaller than the track width is substantially applicable, 
the distance is set to 0.2 of the track width in Table 1, which 
corresponds to a vahie that domain walls (magnetization 
transitions) connecting pores have sufficient stability. 

From Table 1, it is evident that the ordered magnetic 
particle medium and ordered non-magnetic pore medium of 
the present invention are both useful as candidates of the 
ultrahigh density magnetic recording media. 

The ordered magnetic particle medium and ordered non- 
magnetic pore medium according to the present invention 
can be manufactured with using a mask having regularly 
arrayed holes. First, a manufacturing method of a process 
mask having regularly arrayed holes will be described. Such 
a mask can be fabricated by utilizing a self-oiganizing 
process. 

Hie self-organizing process includes the followings: (a) 
anodic oxidation method of hi^ly purified Al disclosed in 
J. Electrochem. Soc. 100, 411, 1953; (b) dispersion precipi- 
tation method of oxide micro^here; (c) evaporation method 
of oxide microsphere in a gas; (d) Ge or Bi evaporation onto 
a stearic acid disclosed in Applied Physics, Vol. 52, No. 8, 
712, 1983; (e) heteroepitaxial growth of Cu phthalocyanine 
onto graphite; (f) InAs dots formation onto GaAs disclosed 
in Appl. Phys. Utt. 64 (2) 196, 1994; and (g) Au dots 
formation onto an organic complex disclosed material in 
Appl. Phys. Utt. 64 (4) 422, 1994. 



15 In the present invention, any of aforementioned self- 
organizing processes can be applied, and other methods 
without employing sudi self-organizing process can also be 
applied. 

As examples of a method for manufacturing a ma^ by 
2Q employing a self-organizing process, aforementioned meth- 
ods of (a) anodic oxidation method of highly purified Al, and 
(c) evaporation of oxide micro^here in a gas will be 
described 

First, a method for manufacturing a mask by the anodic 
oxidation of highly purified Al will be described. The 

^ manufacture of self-organized mask using Al anodic oxida- 
tion comprising steps of: (1) forming porous alumite; and (2) 
fabricating a mask from the porous alumite. Hereinafter, 
each of these steps will be described sequentially. 
(1) Step of Forming Porous Alumite 

30 This step includes the following steps: (a) mirror polish- 
ing 4N or 5N grade highly purified Al plate; (b) chemically 
polishing the mirror-polished Al plate in perchlorate or 
alkali polishing the mirror-polished Al plate in sodium 
hydroxide, and then neutralizing; and (c) after neutralizing, 

35 immersing the Al plate in a anodic oxidation solution of 
several percents to several tens of percents, and applying 
positive voltage, using Pt or C as a cathode, to the Al plate 
for a predetermined period of time for anodic oxidation. 
As an anodic oxidation solution, employed is an aqueous 

40 solution ot for example, oxalic acid, pho^horous acid, 
sulfiuic acid, chromic acid, and mixture add thereof. A 
continuous AI2O3 barrier layer is formed on the surface of 
the Al plate by anodic oxidation, and ftirther, porous alumite 
(AI2O3) is formed on the barrier layer. The porous alumite 

45 has a plurality of regularly arrayed micropores. The forma- 
tion of porous alumite having such a shape is referred to as 
self-organization . 

FIG. 15 is a schematic cross sectional view showing a 
barrier layer and porous alumite formed by anodic oxida- 
se tion. As shown in FIG. 15, the initially grown barrier layer 
72 of anodic oxidized Al is formed on a highly purified Al 
plate and the porous alumite 74 having micropores 73 is 
formed thereon by the anodic oxidation treatment. In FIG. 
15, C denotes the unit ceU size of the porous alumite 

55 (corresponding to the distance between micropores); P 
denotes the diameter of the micropore; and W denotes the 
thickness of the alumite wall surrounding the periphery of 
the micropores. 

Such formation mechanism of the self-organized porous 

60 alumite 74 is based on dissolution of both of Al and Al oxide 
(AI2O3) in the anodic oxidation solution. That is, when Al is 
immersed in an oxidizing liqiiid, and a voltage is applied 
thereto, Al oxide is formed while the Al surface is dissolved, 
and at the same time, a part of the formed Al oxide is 

65 dissolved into the solution. On the surface where Al oxide 
has been dissolved in the solution, an electric field concen- 
trates and a current density increases. If the current density 
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increases, micropores 73 are formed because dissolution of 
Al oxide is promoted. Simultaneously, the dissolved excess 
Al or oxidized Al is supplied to the periphery of the 
micropores 73, and the growth of the Al oxide wall is 
promoted. Local dissohition of Al oxide is caused selec- 5 
tively at defective portions of Al itself or A3 oxide remaining 
on the Al surface. As described above, after the local 
dissohition is caused, the micropores 73 are formed and the 
Al oxide walls are grown, and then the electric field is 
weakened. When the electric field is weakened, portions 10 
where strong electric field acts arc formed again adjacent to 
the Al oxide walls to maintain the total electric field strength 
on the Al oxide surface, and thus, the micropores 73 are 
formed. Al the initial stage of anodic oxidation, the forma- 
tion of the micropores 73 begins from randomly distribute 15 
defective portions. However, as described above, the peri- 
odic and regular ^atial distribution of electric field occurs 
around the formed micropores 73, and thus, it is considered 
that the micropores 73 form a regular array by self-organized 
marmer. 20 

As shown in FIG. 15, at the interface between the Al plate 
71 and the barrier layer 72, a recess is formed for each unit 
celL When the sample having the grown porous alumite 74 
is immersed in pbo^horous acid solution with relatively 
high concentration or in chromic acid solution to remove the 25 
porous alumite, an Al plate 71 having recesses arrayed 
regularly is obtained. If anodic oxidation is applied again to 
this Al plate 71, projections positioned between the recesses 
on the Al plate 71 serves as the aforementioned defective 
portions. Therefore, porous alumite 74 having self- 30 
organized pattern more regular than the initial anodic oxi- 
dation can be obtained. 

Ihe growth rate of the porous alumite 74 depends on 
anodic oxidation conditions, mainly on an anodic oxidation 
voltage, and is typically several to 100 nm/minute. In 35 
addition, the depth of the micropores 73 can be adjusted by 
the anodic oxidation time. 

In fabrication of a magnetic recording medium, the size of 
the formed micropores 73 corresponds to magnetic particle 
size or non-magnetic pore size; and the distance between the 40 
micropores 73 corresponds to the distance between magnetic 
particles or the distance between non-magnetic pores. The 
depth of the micropores 73 is associated with proces^g 
characteristics of the magnetic film. The size of the 
micropores 73 and tbe distance between the micropores 73 45 
depend on a type the add used for anodic oxidation, the 
voltage and the bath temperature. 

Setting the pore distance to C, tbe pore diameter to P, the 
thickness of the Al oxide walls formed around the pores to 
W, and the voltage applied to Al to E, as described 50 
previously, the following relationship is experimentally 
established. 

C'lWE+P (1) 

The pore diameter P and the thickness W of the Al oxide 55 
walls depend on the type and concentration of tbe anodic 
oxidation liquid and the bath temperature. Tbe diameter of 
tbe micropores 73 can be adjusted depending on the type and 
concentration of acid and bath temperature; and the distance 
between the micropores 73 can be widely adjusted depend- 60 
ing on the type and concentration of acid, the bath 
temperature, and the applied voltage. The array regularity of 
the micropores 73, i.e., the pore diameter distribution and 
interpore distance distribution depend on the purity of Al, an 
amoimt of additives such as Mg in Al, pretreatment for 65 
anodic oxidation, anodic oxidation rate, and the number of 
times of anodic oxidation. 
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(2) Step of Fabricating a Mask from Porous Alumite 
A method for forming a mask from porous alumite 74 
formed on Al is disclosed in, for example, Jpn. J. Appl. Phys. 
35-2 (IB) LI 26, 1996. In this method, an organic resin mold 
for mechanical maintenance is formed on the surface of the 
porous alumite including micropores 73 shown in FIG. 15, 
nod then the Al plate is removed by etching, the Al oxide 
barrier layer is removed, and further the resin mold is 
removed. By the series of steps, a mask made of porous 
ahimite can be fabricated. 

In addition, in Jpn. J.y^pl. Phys. 31-2 (12B) L1775, 1992 
and Science, 26S, 1466, 1995, there is disclosed a method of 
forming a negative pattern by filling a resist in the porous 
alumite, followed by forming a replica of oxide or platinum 
(Pi). As materials for replica, CVD deposition materials such 
as Sic, SiO^, and a-C:H may be employed other than oxide 
and platinum. Therefore, in comparison with the aforemen- 
tioned case where porous alumite itself is made into a mask, 
etching resistance and mechanical strength of the mask can 
be improved. 

When tbe mask is thus fabricated from the replica, it is 
preferable to use a method in which a metal ring consisting 
of metal such as Cu is provided and the porous aluimite 
having honeycomb pattern is disposed in the hole of tbe 
metal ring for the purpose of mechanical maintenance, and 
then a mask is fabricated from the porous altunite pattern. 
When the metal ring is employed, the mechanical strength 
aixl handling properties of the mask can be significantly 
improved. The fabrication of the mask employing tbe metal 
ring can be performed by a modified method of the replica 
method disclosed in, for example. Science, 268, 1466, 95. 
FIG. 16A is a schematic plan view and FIG. 16B is a 
sdiemadc cross sectional showing an example of metal ring. 
Hie mask is formed in a hole 76 of the metal ring 75. 

Next, a method for manufacturing mask employing 
evaporation method of oxide micro^heres in a gas will be 
described. This method includes the following steps: (a) An 
oxide such as HOj forming micro^heres in order of 10 nm 
is placed in, for example, a boat for source material of an 
electron beam evaporation apparatus followed by 
evacuating, and then, the boat is irradiated with electron 
beams to evaporate T1O2* (b) The vapor is introduced from 
through holes on a partition provided in the ev^K>ration 
chamber to aiK)ther chamber with a high gas pressure. In this 
chamber, microspheres of Ti02 in onter of 10 nm is formed 
in a gas phase by overcooling of the vapor, (c) The formed 
microspheres are electrically charged by passing them 
through plasma or by blowing ozone to them firom ozonizer, 
and the charged microspheres are deposited on a mask 
substrate. The deposited microspheres are arrayed regularly 
on the substrate with repulsing from each other by means of 
Coulomb force. As a re^t, a regular self-organized patt&m 
of I1O2 spheres of 10 run in particle diameter is formed^(d) 
A resist is filled in the formed pattemyrand then a negative 
pattern of resist having regularly arrayed recesses is fabri- 
cated. By providing the negative pattern to a transfer 
process, a mask having tbe same pattern as self-organized 
pattern can be formed. 

Next, a method of manufacturing a magnetic recording 
medium according to the present invention will be described 
below. In the foUowing, methods of manufacturing an 
ordered magnetic particle medium aiKl an ordered non- 
magnetic pore medium employing a mask fabricated from 
porous alumite. 

(A) Method of Manufacturing an Ordered Magnetic Par- 
ticle Medium 

An ordered magnetic particle medium having the consti- 
tution shown in RG. 1 can be fabricated, for example, by 
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sequentially deposiling a seed layer, a magnetic layer, and'a planaiization process, (j) Although it is not shown in FIG. 

protective layer by sputtering on a substrate set in a depo- 17, lastly, a hibricant layer is coated on the airfoce of the 

silion apparatus such as a multi-chamber magnetron sput- medium, like in a typical magnetic recording medium. Since 

lering apparatus lubricant layer can be employed instead of the protective 

Two types of processes, i.e., first and second processes 5 layer, the lubricant layer may be coated on the surface of the 

can be apphed to this method. HG. 17 shows the process magnetic particles are exposed as 
flow of these processes. Both of these processes can be 

employed to fabricate ^^^^ U A material constituting a matrix is fom^ed on a 

shown m FIG. 13. Ihc first process has many rnor^ pro- J^^^^ ^ ^ continuous film As described above, a seed 

^ than the second process, and requires the PEP step^ lO ^ ^^^^^^ layer may not be formed, (b) Hie 

However, there is an advanUge that the sclfHorgamzed mask substrate is di^)osed immediately under a sclf^rganized 

can be repeatedly used many times because it is not changed material is patterned by an ion milling 

in the process. method or an RIE method corresponding to the self- 
(1) Process I 

organized mask. By the patterning, plural pores arrayed 

(a) A magnetic layer is formed on a substrate. {As 15 regularly are formed in the matrix material (d) A magnetic 

described previoudy, a seed layer and a protective layer may particle material is filled in the pores formed in the matrix 

be or may not be formed, (b) A resist is coated on a magnetic material. In this filling, an anisotropic deposition method 

iayer. (c) The aihstrate is disposed immediately uiider a such as collimation sputtering is preferably applied to main- 

^^If-organized mask fabricated as described above, (d) The tain magnetic properties well in the vicinity of the side waUs 

resist is exposed by irradiating with light or irradiating \)^tb 20 of pores. However, since the thickness for filling is about 50 

electron beam through the mas^ aiKl the resist is developed. nm at maximum, deterioration of the magnetic properties is 

When a positive resist is employed, only an exposed portion slight even if a typical isotropy deposition is employed, 

remains as a pattern on a magnetic layer by the development which brings no problem in practical point of view, (e) After 

process. The resist pattern coincides with a honeycomt>- filling the magnetic particles, surface planarization is carried 

shaped pattern of the holes of the self-organized mask, (e) 25 out in the similar manner to the process I such as vanishing, 

^^The resist pattern is transferred to the magnetic layer by ^ CMP, or ion polishing. 

^^O D niillihg j etbocl"oF"ajarRIE method- The ion milling _ In the process I, a magnetic material is disposed on the 

method is carried out with employing an ion source having lower side and a matrix material typically harder than the 

a greater diameter than the substrate (a disk substrate in the magnetic material is disposed on the upper side. Therefore, 

case of HDD application) on which the magnetic layer is 30 it is required to manage strictly the end point of the pla- 

formed, or by rotating the substrate under an ion source narization process. However, in the process II, since a hard 

having a smdler diameter. The milling rates of the resist, matrix material is disposed on the lower side and a magnetic 

magnetic layer, seed layer, and protective layer are exam- material is disposed on the upper side, the management of 

ined in advance. The miilling time is set by referring to the the end point is relatively easy in any of the planarization 

exanuiied nulling rates, ther5jy making ifp^sible to.pattern 35 processes. The processes after the planarization can be 

only the magnetic--layer into regular columnar rnagoetic implemented correspondingly to the process 1. 

^j)articles before the resist is milled off. Siiice the seed layer In both of the above described processes I and D, the 

remains as is under the magnetic particles, good magnetic magnetic properties of the medium can also be adjusted by 

characteristics are maintained. The seed layer between mag- the temperature for forming the magnetic material or anneal- 

netic particles may be rxiilled. (f) After, the .magnetic layer 40 ing after the formation of the magnetic particles. In both of 

has bceapalterried, the residual resist is reinoved as required ^ the above described processes I and II, it is possible to 

(utilmngas^^ or dipping (g)Amatrix material is furtberl manufacture a magnetic recording medium in which a 

filled between the magnetic particles manufactured uis plurality of magnetic particles are arrayed regularly in a 

described above to improve mechanical strength and cono- continuous non-magnetic film, and in which, with respect to 

sioo resistaiice of the medhirm-The filling can be carried out 45 the magnetic particles included in a maximum magnetic 

by the deposition method such as CVD, ottering, and? recording cell, at least four particles are arrayed in the track 

evaporation. Ii^vicw of filling properties of the matrix ^ length direction, the full width at half maximum of distri- 

material between magnetic particles^ an anisotropic depo^- bution in distance between the closest particles is ±40% or 

tion method sudi as collimation sputtering is preferred. less of the average distance between the closest particles. 

However, since the filling depth (a depth substantially equal 50 and the full width at half maximiim of particle diameter 

to the thickness of magnetic particles) is about 10 nm, which distribution is ±20% or less of the average particle diameter, 

is very anaU, the fiUing can be carried out relatively well by Next, a method of manufacturing an ordered magnetic 

employing any method, (h) After the matrix has been filled, particle medium having a servo pattern will be described, 

the surface of the medium is made into an uneven surface, FIG. 18 is a schematic view showing an example of a servo 

and thus, a planarization process is applied to the medium 55 pattern of a magnetic disk; FIG. 18A shows an example of 

surface as required. The surface planarization process arrangement; and FIG. 18B shows a microstmcture of the 

includes, for example, waflDe vanishing, iapc vanishing, servo pattern. When the present invention is applied to a 

CMP, ion polishing or a combination thereof. For example, magnetic medium having the servo pattern, the foUowing 

when CA^ caibon employed as a matrix, and tape vanish three embodiments are considered, lliat is, (i) an embodi- 

and ion polishing are combined for surface planarization, 60 ment in which magnetic particles are formed after the servo 

Ra<l nm in surface roughness can be achieved, (i) After the pattern is formed; (ii) an embodiment in which the servo 

planarization process, if a matrix material covers the top of pattern and magnetic particles are formed simultaneously; 

magnetic particles, the material can be used as an ordered and (iii) an embodiment in which the servo pattern is formed 

magnetic particle medium as is. When the matrix material after the magnetic particles are formed. Hereinafter, each of 

does not cover the top of magnetic particles and the top of 65 these embodiments will be described, 

magnetic particles is exposed, it is preferable to coat a (i) In the embodiment in which the magnetic particles are 

protective layer on the surface of the medium after the formed after the servo pattern is formed, a series of steps as 
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described below can be applied as disclosed in, for example, tering is preferred. However, since the filling depth (a depth 

Japan Applied Magnetic Engineering Society, the 103-th substantially equal to thickness of the non-magnetic 

Research Meeting Document Page 75. (a) A servo pattern is particles) is about 10 nm, which is very small, the filling can 

formed on a substrate using a resist, (b) The pattern is be performed relatively well by employing any method, (h) 

transferred to a substrate surface using the resist as a mask. 5 After the magnetic material has been filled, the surface of the 

(c) A magnetic film for servo is filled in the substrate. (d)The medium is made into an uneven surface, and thus, a pla- 

resist and the magnetic film on the resist are lifted off. (e) narization process is appUed to the mediujn surface as 

The surface is planarized. After the embedded servo is required. The surface planarization process includes, for 

formed, an ordered magnetic particle medium is formed as example, wafSe vanishing, tape vanishing, CMP, ion 

described above. lo polishing, or a combination thereof, (i) After the planariza- 

(ii) An embodiment in which the servo pattern and the tion process, a protective film is coated on the surface of the 
regular magnetic particle portions simultaneously can be medium. Q Althoiigh it is not shown in FIG. 17, lastly, a 
achieved by providing a servo pattern in a part of the lubricant layer is coated on the surface of the medium, like 
self-organized mask in advance. Specifically, for example, in in a typical magnetic medium. The lubricant layer may be 
a transfer process for forming a mask firom a porous alumite, is coated on the surface of the medium instead of the protective 
a part of the resist may be exposed arxl developed according film. 

to the servo pattern. (2) Process II 

(iii) In an embodiment in which the servo pattern is (a) A continuous magnetic layer is formed on a substrate, 
formed after the regular magnetic particles are formed, a As described above, a seed layer or a protective layer may 
resist is patterned on the regularly arrayed magnetic 20 be or may not be formed, (b) The sutTStrate is disposed 
particles, a data region including a plurality of magnetic immediately under a self-organized mask, (c) The magnetic 
particles is maintained as is, only a servo region is etched as material is patterned by an ion milling method or an RIE 
required, and a magnetic film for servo is filled method corresponding to the self-organized mask. By the 

(B) Method of Manufacturing an Ordered Non-magnetic patterning, plural pores arrayed regularly are formed in the 

Pore Medium 25 magnetic material, (d) A non-magnetic particle material is 

The ordered non-magnetic pore medium as shown in FIG. filled in the pores formed in the magnetic materiaL In this 
14 can be provided correspondingly to the manufacturing filling, an anisotropic deposition method such as collimation 
method of the ordered magnetic particle mediuim shown in sputtering is preferably applied. However, since the thick- 
FIG. 17. That is, in the process flow of the ordered magnetic ness for filling is about 50 nm at maximum, no problem is 
particle medium shown in FIG. 17, a magnetic layer and a 30 brought about in practical point of view even if a typical 
matrix layer are reversed, and magnetic particles and matrix isotropy deposition is employed, (e) After filling the non- 
arc reversed. In this method also, the processes I and II as magnetic particles, surface planarization is carried out in a 
shown in FIG. 17 can be apphed. similar method to the process I such as vanishing, CMP, or 

(1) Process I ion polishing. 

(a) A non-magnetic matrix layer is formed on a substrate. 35 In the process II, a soft magnetic material is disposed on 

A seed layer and a protective layer may be or may not be the lower side, and a non-magnetic matrix material harder 

formed, (b) A resist is coated on the non-magnetic matrix than the magnetic material is di^osed on the upper side, 

layer, (c) The substrate is disposed immediately under the Therefore, it is required to manage strictly the end point of 

self-organized mask fabricated as described above, (d) The planarization. On the other hand, in the process I, since a 

resist is exposed by irradiating with light or irradiating with 40 non-magnetic matrix material is disposed on the lower side, 

electron beam through the mask. After the exposure, the and the magnetic material is disposed on the upper side, the 

resist is developed. When a positive resist is employed, only management of the end point is relatively easy in any of the 

an exposed portion remains as a pattern on the magnetic planarization processes. The processes after planarization 

layer by the development process. The resist pattern coin- can be implemented correspondingly to the process I. 

cides with an honeycomb pattern of the hole of the self- 45 In both of the above described processes I and II, it is 

organized mask, (e) The resist pattern is transferred to the possible to manufactiu-e a magnetic recording medium in 

non-magnetic matrix by an ion milling method or an RIE \^ch a plurahty of non-magnetic pores are arrayed regu- 

method. The ion milling method is carried out with employ- larly in a continuous magnetic film, and in which magneti- 

ing an ion source having a greater diameter than the sub- zation transitions in the magnetic film consist of domain 

strate (a disk substrate in the case of HDD application) on 50 walls cormecting the non-magnetic pores, the average diam- 

which the matrix layer is formed, or by rotating the substrate eter of the non-magnetic pores is 0.5 to 3 times of the 

under an ion source having a smaller diameter The milling average width of the domain walls, and to manufacture a 

rates of the resist, non-magnetic layer, seed layer, and magnetic recording medium in whidi the full width at half 

protective layer are examined in advance. The milling time maximum of distribution in distance between the closest 

is set by referring to the examined rates, thereby making it 55 pores in the minimum magnetic recording cell is 40% or less 

possible to pattern only a matrix layer into regular columnar of the average distance between the closest pores in addition 

non-magnetic particles before the resist is milled off. The to these features. Also, in both of the aforementioned 

seed layer remains as is under the non-magnetic particles. processes I and II, it is possible to adjust the magnetic 

The seed layer between non-magnetic particles may be properties of the medium by the temperature for forming 

milled, (f) After the non-magnetic layer is patterned in this 60 magnetic material or annealing after the after the formation 

marmer, the residual resist is removed as required (utilizing of the magnetic particles. 

ashing, dipping or the like), (g) A magnetic material is filled Next, a method manufacturing an ordered non-magnetic 

between the non-magnetic particles. The filling can be pore medium having a servo pattern will be described. As a 

carried out by the deposition method such as CVD, servo pattern, like in the ordered magnetic particle medium, 

sputtering, or evaporation. In view of the filling properties of 65 the pattern shown in FIG. 18 can be employed, for example, 

the magnetic material between the non-magnetic particles. When the present invention is applied to a medium having 

an anisotropic deposition method sudi as collimation sput- the servo pattern, the following three embodiments are 
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considered. Thai is, (i) an embodiment in which non- 
magnetic pores are formed after the servo pattern is formed; 
(ii) an embodiment in which the servo pattern and the 
non-magnetic pores are formed simultaneoudy; and (iii) an 
embodiment in which the servo pattern is formed after the 
non-magnetic pores are formed. Hereinafter, each of these 
embodiments will be described. 

(i) In the embodiment in which the non-magnetic pores 
are formed after the servo pattern is formed, a series of steps 
as described below can be applied as disclosed in, for 
example, Japanese Applied Magnetic Engineering Society, 
the lQ3-th Research Meeting Document P. 75. (a) A servo 
pattern is formed on a substrate using a resist (b) The pattern 
is transferred to the substrate surface using ihc resist as a 
ma^. (c) A magnetic film for servo is filled in the substrate, 
(d) The resist and the magnetic film on the resist are lifted 
off. (e) The surface is planarized. After the embedded servo 
is formed, an ordered non-magnetic pore medium is formed 
as described above. 

(ii) An embodiment in which the servo pattern and the 
non-magnetic pore portions are formed simultaneously can 
be achieved by providing a servo pattern in a part of the 
self-organized ma^ in advance. 

Specifically, for example, in a transfer process for forming 
a mask from a porous alumite, a part of the resist may be 
exposed and developed according to the servo pattern. 

(iii) In an embodiment in wbich the servo pattern is 
formed after the non-magnetic pore portions are formed, a 
resist is patterned on the regularly arrayed non-magnetic 
pores, a data region including a plurality of non-magnetic 
pores is maintained as is, only a servo region is etched as 
required, and a magnetic film for servo is filled. 

Next, a method of manufacturing a magnetic recording 
medium according to the present invention without employ- 
ing the aforementioned self-organized mask will be 
described. As an example, a method of manufacturing an 
ordered magnetic particle medium according to the present 
invention will be described here. 

FIG. 19 is a schematic view showing an example of an 
apparatus for manufacturing an ordered magnetic particle 
medium without employing a mask. Hie apparatus shown in 
FIG. 19 comprises the vacuum chamber 80 coimected to a 
gas introducing system and an exhaust system. An 
inductive-type evaporation soiu-ce 81 is disposed at the 
lower portion of the vacuum chamber 80. The evaporation 
source 81 comprises the crucible 23 around which the heater 
82 is wound, and the shutter 84 disposed over the crudble 
83. The heater 22 is connected to the RF power source 85 
disposed outside of the chamber 80. The evaporation sample 
86 employed for evaporation is charged in the crucible 83. 
The superconductor part 87 is di^osed at the upper portion 
of the vacuum chamber 80. The superconductor part 87 
comprises the cold head 88 su^nded from the upper 
portion, the superconductor 89 mounted on the lower sur- 
face of the cold head 88, the magnetic disk substrate 90 
mounted on the lower surface of the superconductor 89, and 
the coil 91 for applying magnetic field disposed at the side 
portion of these members. The coil 91 is also su^nded 
from the upper portion. 

The ordered magnetic particle medium can be manufac- 
tured by employing the apparatus shown in FIG. 19 accord- 
ing to the following procedure. 

(a) The vacuum chamber 80 is evacuated to KT* Pa or 
less, and then the cold head 88 is operated to cool the 
superconductor 89 to a temperature at which a supercon- 
ductive state is exhibited. 

(b) A current is flowed through the coil 91 for applying 
magnetic field to apply a magnetic field in a direction 
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perpendicular to the superconductor 89. When the magnetic 
field is applied to the superconductor 89 in a superconduc- 
tive state, eddy currents in a shape of triangle-lattice flow, 
which are regularly arrayed in the superconductor 89. A 

5 magnetic field 92 perpendicular to the surface of the super- 
conductor 89 is generated from the center of each eddy 
current, and the magnetic field 92 is not generated at a 
portion other than the eddy current center. That is, a pattern 
of the magnetic field 92 having a magnetic flux perpendicu- 
lar to the surface arrayed regularly in the triangle-lattice 
shape is formed on the surface of the superconductor 89. The 
distance between the patterns of the magnetic field 92 
depends on type of superconductor 89 and the magnetic field 
strength applied. For example, in the case where YBCO 
oxide high-temperature supercoiKtuctor is employed for the 
superconductor 89 and the applied magnetic field is set to 1 
T, the distarice between the patterns of the magnetic field 92 
becomes 50 nm or less, which indicates a preferred value for 
practice of the present invention. The distance between the 
patterns of the magnetic field 92 is reverse proportional to 

20 the square root of the applied magnetic field strength, thus 
making it possible to narrow the di^ance by increasing the 
magnetic field strength. For example, when YBCO is 
employed as the superconductor 89, the pattern distance of 
the magnetic field 32 is 25 to 50 imi. 

25 (c) Magnetic fine particles (not shown) are evaporated on 
the patterns of the magnetic field 92 formed on the surface 
of the superconductor 89 in a self-organizing manner. An 
in-gas evaporation method or the like can be applied for 
evaporation of magnetic fine particles. For example, a 

30 magnetic material sudi as CoPt is employed as a raw 
material and is mixed in the evaporation sample 86, and the 
magnetic material is evaporated by inductive heating. 
Specifically, when the RF power soiu-ce 85 is operated with 
the shutter 84 being closed and a current is flowed through 

35 the inductive coil 22, heating and evaporation of the mag- 
netic material occur. 

(d) An inert gas of about several tens to several himdreds 
of Pa is introduced into the vacuum chamber 80. As a result, 
the evaporated magnetic material is overcooled in gas phase, 

40 and thus, magnetic clusters o^ for example, sub-run to 
several tens ofiam in diameter are formed. 

(e) The shutter 84 is opened to introduce the magnetic 
clusters onto the substrate 90 on which an ordered magnetic 
field pattern is formed. The magnetic clusters do not scarcely 

45 have motion energy, and thus, flies toward the substrate 30 
randomly. However, the clusters are arrayed regularly on the 
substrate according to the pattern of the magnetic field 92 
arrayed regularly in the vicinity of the substrate 90. In this 
maimer, regular magnetic particles can be formed on the 

50 substrate 90. 

(Q The medium forming process after the regular mag- 
netic particles are obtained can be implemented in a maimer 
similar to the processes for forming the aforementioned 
ordered magnetic particle medium. Also, the properties of 

55 the ordered magnetic particle medium obtained by such a 
method is similar to those of the ordered magnetic particle 
medium formed by employing the aforementioned self- 
oiganized mask. 
As described above in detail, by employing the present 

60 invention, recording density can be significantly improved 
without applying particular burcbn upon elemental tech- 
niques other than magnetic recording medium such as head, 
servo, or signal processing device. 
The medium according to the present invention can be 

65 easily combined with another methods to ensure high 
recording density. Some of these combinations are exem- 
plified below. 
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A combination between tbe medium according to the cellosolve-based solvent to perform ultrasonic cleaning, 

present invention and a perpendicular recording system has thereby removing (lifting-oS) the polymer layer and the 

already been described in die specification. Higher recording CoCrPt film on the polymer layer, 

density can be obtained if the combination between the The surface of the sample is crfiserved with a scanning 

medium according to the present invention with a single 5 electron microscope. As a result, an ordered particle domain 

magnetic pole head suitable to perpendicular recording is structure as shown in FIG. 4 is observed. More specifically, 

implemented. observed is a structure in which CoPtCr magnetic particles 

The medium according to the present invention can be having a diameter of about 13 imi are arrayed regularly in 

easily combined with a thermal assisted recording system. the glass matrix. The ordered particle domains have isotro- 

The thermal assisted recording system adopts a medium 10 pic shape, and their average diameter is about 200 imi. 

with very high magnetic anisotropy at room temperature and jq ^^^j. employ the sample as a high^Jensity magnetic 

improves thermal disturbance resistance, making it possible recording medium, a protective film consisting of carbon 

to ensure finer particles. In a conventional technique, when having a thickness of 10 nm is deposited by sputtering. The 

a recording medium with high magnetic anisotropy is used, sample is subjected to tape vanishing to remove anomalous 

a large magnetic field is required to perform magnetic 15 projections, and then a lubricant is applied thereto. r\ 

'^''^^^'''^ ^ a excessively ^ characteristics are measured, the sample X 

large burden upon the head. On the other hand, m the perpendicular magnetic anisotropy of 2 kOe in J 

thermal assisted recordmg system, only a recordmg portion *Jcoercivitv 

is heated by employing a laser beam or the like, and ^-^^^ , , . , - 

anisotropy, i.e., recording magnetic field is lowered only for 20 , Olher samples are prepared by similar procedures 

a period of recorfing. By applying such method, particle T /^"^ anneahng tmie for btock 

diameter can be made smaU even multigrain random copolymer. As a ies|Ut, Q>PtCr--SiO^ magneto recordmg 

medium, thus making it possible to ensure high density. In ^avrng an ordered state as shown m FIG. 4, and 

the ordered magnetic particle medium according to the «M[eient m sue of ordered parUcIe domam to each other, are 

present invention, it is also possible to adopt a magnetic 25 ° ' . j • «_ 

particle material with high magnetic anisotropy and to As for these samples, random recording is performed with 

perform light thermal assist during magnetic recording. ^ frequency up to 400 kfci, and then bit error rate is 

Therefore, remarkable high recording density can be examined. For channel, 16/17EPR4ML is adopted. The 

expected by combining the medium according to the present measurement result is shown in FIG. 20. In FIG. 20, the 

invention and the thermal assisted recording system. 30 horizontal axis denotes an average size dr of ordered particle 

In addition to the above, any combination with other (iom^ in tradt width direction (radial direction). The unit 

methods can be employed without departing from the spirit ^ ^alue is a track width Wt, i.e., a size of recorded 

of the present invention, for example, a combination with a magnetic domam m the radial direction. The vertical axis 

medium employing a keeper layer disclosed in IEEE Trans. ^^^o^^ medium noise power measured when recording is 

Magn. 34 (4) 1552 and 1555, 1998; and a combination with 35 performed at an smgle fi^uency of 300 kfa and error rate 

a perpendicular medium for reducing a burst noise employ- measured when recording is performed under above random 

ing semi-hard magnetic underlayer instead of soft magnetic recording conditions. These values are normalized by those 

underlayer of conventional random medium having no ordered particle 

domain (dr=0). 

EXAMPLES 40 As shown in FIG. 20, an error rate at about dr=l/5 is 90% 

of that of conventional medium, thus it is confirmed that the 

Example 1 medium of the present invention exhibits a useful effect on 

. . , a magnetic recording system. In addition, it is observed that 

A magneUc recording medium is fabricated aocordmg to ^ ^^^^^ ^^^^y ^j^^^ 

the first method employmg a block copolymer. ^h^^ magnetic recording medium of the present . 

First, a block copolymer, containing polystyrene and invention can reduce medium noise and error rale, it can^ 

polyisoprene at a ratio of 7:3, and having a molecular weight improve recorxling density compared with the conventional 

Mwof about 500,000, dispersion of molecular weight being random magnetic particle medium that does not cause 

1.1 or less, is dissolved in a cellosolve-based solvent to thermal fluctuation. 

prepare a solution. The solution is spin-coated onto a 2.5- ^^^^ ^^^^ eU^j ^ obtained is supposed as 

inch glass substrate to form a block copolymer layer having follows. In the magnetic recording medium of the present 

a thickness of about 30 nm. Hie glass substrate is placed in invention, since the m^etic particles are'arrayed regularly, . 

a thermostat, and is annealed at 150° C. for 24 hours and at magnetization transition region generated by a magnetic^ 

120" C. for 2 hours, and then is returned to room tempera- ^^^^ ^ ^^^^ ^ ^ ^^^^ quantized by magnetic particles. In 

ture. Tbe surface of tbe glass substrate is observed with a this case, disorder of transition is as large as a distance 

scanning electron microscope. As a result, it is confirmed between the magnetic particles at maximum, which is 

that the sample is phase separated into a sea-island structure remarkably small as compared with that of the conventional 

in which islands of 13 nm in average diameter are arrayed medium in which magnetic particles having various sizes are 

regularly with an average distance of30nm in sea surround- randomly arranged- At tbe same time, in the magnetic 

ing the islands. ^ recording medium of the present invention, since a sharp 

The sample is subjected to ozone treatment, and then magnetization transition is formed on a track edge by the 

reactive ion etching (RIE) employing CF4 is performed. As same reason described as above, noise due to d^rder of 

a result, only island regions of the block copolymer are track edge is reduced. Therefore, medium noise is reduced 

etched. From film thickness measurement, it is found that a as the size of the ordered particle domain is increased, 

selectivity ratio of sea to islands is 1:4 under RIE using CF^. 55 On the other hand, during one rotation of a di^ a head 

A CbPtCr thin film of 15 nm is deposited on the etched crosses many ordered particle domains. In this case, mag- 
sample by sputtering. The sample is immersed in a netization transition width differ every ordered particle 
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domain because of dispersion of array axes of ordered under island is completely removed. The obtained magnetic 

particle ^mains. In the case where dr>l, fluctuation of recording medium exhibits magnetic characteristics having 

transition width is constant in a single ordered particle in-plane coercivity of 2 kOe and perpendicular coerdvity of 

domain, but it differs between ordered particle domains. The 1 -5 kOe. 

difference in fluctuation of traisition width in the ordered 5 In addition, by establishing various conditions, RIE is 

particle domains is represented as transition jitters in repro- performed so as not to remove ZnO completely, and then 

during signals. On the contrary, in the case vAjck dr<l, CoPtCr having a thickness of 10 nm is deposited. The 

fluctuation of transition width in one ordered particle obtained magnetic recording medium exhibits perpendicular 

domain is averaged. For example, in the case where dr =1/3, magnetic anisotropy of X5 kOe. 

fluctuation of transition width is averaged to 1/3. Therefore, 10 Example 4 

because the average transition jitter is not changed but its ^ magnetic recording medium is fabricated according to 

change with tmie is reduced, jitter affects less adversely, and ^ ^^^^ employing a block copolymer, 

so the effect to reduce the error rate is obt^ed However p^^^^ ^r of 80 nm and SiN of 15 mn are deposited on a 

when dr becornes more smaller, i.e., dr<l/5, the effect of ^ ^^^^ ^.5 inches. Thereafter, spin- 

arrayed particles is lost. More specificafly, though the 15 ^lock copolymer; annealing; ozone treatment; 

change m transition jitter with time is reduced jitter and ^^^^ deposition of CbGTaPt of 15 nm; hft-off 

noise are increased as almost high as that od random p^^^ protective layer deposition; and post-treatment are 

magneuc particle medium. ^^^^ elemental processes as those in 

As described above, it is supposed that, due to both of the example 1 . 

effects of reducing medium noise and reducing the change in 20 ^^^^^ ^ ^ ^^^^^ ^ ^ ^ 

transition region with time, the effect of reducing the error reaction time can be increased to remove SiN under islands 

rate with the size of ordered particle domain in the range of completely. The obtained magnetic recording medium 

dr =1/5 or more as shown in FIG. 20. It is considered that the exhibits magnetic characteristics having in-plane coercivity 

effects of media having dr of 1/5 to 3 are not clearly of 2 kOe. In addition, the coercivity is increased to 2.6 kOe 

exhibited m the medium noise measurement after recording 25 depositing Ti of 15 nm under the Cr underlayer. This is 

under single frequency because of low sensitivity. because the crystallinity of the Q underlayer is improved by 

_ , _ the Ti layer, whereby the magnetic anisotropy of CoCrTaPt 

^^1^2 is increased. 

A magnetic recording medium is fabricated in a manner Next, recording media arc fabricated by changing the 

similar to that in example 1 except that a glass substrate is thickness of the Cr layer and the Ti layer variously. The 

subjected to RIE followed by depositing CoCrTaPt as a obtained samples are observed by a transmission electron 

magnetic layer and Cr as an underlayer by means of sput- microscope. As a result, various samples are obtained whose 

tering. The magnetic rcoording medium in this example average distance between CoCr-based crystal grains consti- 

exhibits in-plane magnetic anisotropy, and has coercivity of 35 tuting magnetic particles are in a range of 1 to 4 nm. 

1.8 kOe. Recording at a single firequency up to 200 kfd is carried 

For the purpose of reducing a height of abnormal projec- ^^U reproducing signals are investigated with the same head, 

tion height than that of example 1, burrs or the like are and medium noise power is measured for each of samples, 

removed by chemical mechanical polishing after the lift-off The measurement result is shown in FIG. 21. In FIG. 21, a 

process. As a result, the head flying height is reduced to 40 40 horizontal axis denotes an average distance between the 

mj, CoCr-based crystal grains, and a vertical axis denotes 

Next, the recording media having different sizes in -"^"^ P°^*^f: ^bf "^^^"^ P?^^^. °° 

ordered particle domain are fabricated by changing anneal- ^^^'^ normahzed by a value of a medium m which 

ing time for block copolymer. Recording at a single fre- ^^*^^^Se distance between crystal grains is 4 mn. 

quency up to 300 kfci is carried out for each sample different 45 As shown in FIG. 21, an abrupt mcrcase in noise is 

in ordered particle domain size, reproducing signals are observed at 2 nm or more of average distance between 

investigated on the same head, and medium noise power is ^^ysl^ particles. This is because multiple magnetic domams 

measured. In these measurements, the similar result to that ^ formed inside the magnetic particles when the average 

shown in FIG. 20 is obtained. From the foregoing, it is found distance between crystal grains becomes 2 nm or more. In 

that the relationship shown in FIG. 20 is less affected by 50 addition, with respect to crystal grains of smaller size, a 

material and magnetic characteristics of the magnetic lowering of magnetic anisotropy due to influence of 

recording medium. superparamagnetic characteristics is observed where the 

average distance between crystal grains is 2 nm or more. 

Example 3 Next, H of 15 nm, Cr of 80 nm, and SiN of 15 nm arc 

55 deposited on a NiP plated Al substrate of 2.5 inches. 

A magnetic recording medium is fabricated according to Thereafter, spin-coating of block copolymer, annealing; 

the second method employing a block copolymer. ^^^^ treatment; RIE; sputter deposition of CoCrTaPt of 15 

First, ZnO of 13 nm is deposited on a NiP plated Al nm; lift-off process; deposition of a protective layer; and 
substrate of 2.5 inches by guttering. After ZnO had been post-treatment are carried out in the same elemental pro- 
deposited, spin-coating of block copolymer; annealing; ^ cesses as those in example 1. Magnetic recording media 
ozone treatment; PIE process; 13 nm -thick CoPtCr sputter different in average size of magnetic particles and in average 
deposition; lift-of process; protective layer deposition; and distance between magnetic particles arc fabricated by chang- 
post- treatment are carried out in the same elemental pro- ing the mixictg ratio, molecular weight, and molecular 
cesses as those in example 1. weight dispersion of polystyrene and polyisoprene in block 

The NiP layer serves as a stop layer for RIE so that the 65 copolymers. 

RIE reaction time can be incrcased to remove ZnO com- \^th the recording medium having average particle size 

pletely. The RIE reaction time is increased, and the ZnO of 12 nm, a relationship between an activation volume Va 
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obtained by evaluatioD of an activation magnetic moment obtain a low-noise medium, it is found that the size of 

and an average distance between magnetic grains is deter- ordered particle domains must be 1/5 or more of the track 

mined. The measurement result is shown in FIG. 22. in FIG. width (recorded magnetic domain width) on the mediimi or 

22, a horizontal axis denotes an average distance between of the track width of the reproducing bead, 

magnetic grains, and a vertical axis denotes normalized 5 Thus, it is considered that the reason why the same results 

by volume Vg of magnetic grains. as those in example 1 are obtained is as follows. When a 

As shown in FIG. 22, Va agrees with Vg, i.e., Va/Vg«l domain wall in the magnetic matrix is piimed by a non- 

wben the average distance between magnetic grains is magnetic particle, the domain wall is di^>osed on a line 

approximately 2 ima or more, Va/Vg=1.2 when the average coimecting non-magnetic particles so as to minimize total 

distance is 1 nm, and the Va/Vg abmptly increases when the lo firee energy, so that the same situation is achieved as the case 

average distance is 1 nm or less. As is evident from the where isolated magnetic particles are arrayed as in example 

results, in the magnetic recording medium according to this 1. 

example, it is fouind that the average distance between Then, magnetic recording media different in particle 

magnetic grains is preferably 1 nm or more, and is more diametersof non-magnetic particles are fabricated by chang- 

preferably 2 nm or more. ing mixing ratio, molecular weight, and molecular weight 

dispersion of polystyrene and polyisoprene of block copoly- 

Example 5 mer. Wth respect to these samples, magnetic domains in a 

A magnetic recording medium is fabricated according to dema^tized date are oteeived with MFM. As a result, it 

the third method employing a block copolymer. ^ f"*^, ""^^ ^ P""«^ sufficenUy 

« , ^ ^ , . , unless the particle diameter of Don-magnetic particles IS 1 

First, Cr of 80 nm and SiN of 15 nm are deposited on a moi^ 

NiP plated glass substrate of 2.5 inches. Thereafter, spin- „ , • , _ 

^. fui ^ 1 J 1* : J . - 4U Then, samples different m distance between Don-magnedc 

coatmg of blodc polymer and annealing are earned out m the ^. , r t_ - . j * i l- . . j-. 

, * 1 * It particles are fabricated. A relaboiiship between the distance 

same elemental processes as those m example 1. f ^* , j 

between non-magnetic particles and the medium noise 

After the annealing, Os treatment (osmium-stained) is 25 p^^^^ ^ measured. The measurement results are ^own in 

performed instead of ozone treatment in example 1. As a p,Q 23. A horizontal axis denotes an average distance 

result of the Os treatment, the etching ratio for RIE by using between non-magnetic particles in a track width direction 

CFVO2 gas becomes islandisea- 1:3.2. represented by a unit of a track width Wr of a reproducing 

After the Os treatment, RIE; sputter deposition of CoCr- head. A vertical axis denotes medium noise power, which is 

TaPt of 15 nm; hfl-off process; deposition of a protective ^ normalized by a value of a medium having an average 

layer; and post-treatment are carried out distance between non-magnetic particles of lOxWr or more. 

The thus obtained sample is observed by a transmission When the average distance between non-magnetic particles 

electron microscope and a magnetic force microscope is Wr or more, an effect of medium noise reduction is 

(MFM). As a result, a self-organized array structure as obscure; however, the medium noise is reduced to 90% 

shown in FIG. 5 is confirmed. More specifically, ordered when the average distance is identical to Wr, and is reduced 

particle domains in which SiN non-magnetic particles of 7 to 50% when the average distance is a half Wr. A medium 

nm are arrayed regularly in the CoCrTaPt magnetic matrix having an average distance of O.lxWr or less cannot be 

are formed. The ^ape of the domains is isotropic, and the fabricated. However, when the average distance is approxi- 

average size is atx)ut 500 nm. mately O.OlxWr or less, the minimum recording cell is fiiUy 

Next, magnetic recording media are fabricated by chang- covered with non-magnetic particles, and therefore, it is 

ing sputtering pressure during CoCrTaPt deposition vari- meaningless to reduce extremely the average distance 

ously. As a result, various samples whose average distance between non -magnetic particles. 

between magnetic crystal grains constituting the CoCrTaPt When the average distance between non-magnetic par- 
matrix are in a range of 1 to 4 nm are obtained. WiXh respect 45 tides is represented by a urut of a track width Wt on a 
to these samples, activation volume evaluation is carried out medium, not by a unit of a track width Wr of a reproducing 
by activation magnetic moment measurement. The measure- head, similar results as above are also obtained, 
ment results are similar to those of FIG. 22 except that the p 1 a 
horizontal axis is defined as an average distance between xamp e 

non-magnetic particles. 50 A magnetic recording medium was fabricated according 

In order to achieve high-density magnetic recording by to the fourth method employing a blodc copolymer, 
shortening the magnetization transition regions, grain size of First, a Cr underlayer of 80 nm and a CoPtCr thin film of 
magnetic crystal grains corresponding to a unit of magne- 15 nm were deposited on a 25-inch glass substrate of by 
tization reversal must be reduced. However, if the crystal general sputtering. Thereafter, spin-coating of a block poly- 
grains are small, magnetic recording itseff is made impos- 55 mer, annealing; ozone treatment; RIE; sputter deposition of 
sible due to influence of thermal fluctuation. In the magnetic a BN matrix layer of 15 nm; lift-off process; protective layer 
recording medium of the present invention, the average deposition; and post-treatment were carried out in the same 
distance between magnetic crystal grains preferably is 2 nm elemental processes as those in example 1. However, in the 
or less, and more preferable is 1 nm or less in so as to meet RIE process, plasna gas consisting of carbon monoxide and 
a condition of Va>Vg in the magnetic matrix. ^ ammonia was employed instead of CF4 and the sample was 
Next, likewise in example 1, samples different in sizes of heated to 110° C. during RIE. The ratio of etching speed for 
ordered particle domains arc prepared by changing anneal- island to sea in the block copolymer was 3:1. 
ing time for block copolymer. With respect to these samples. The obtained sample was observed with a transmission 
a relationship between the size of ordered particle domains electron microscope. As a result, ordered particle domains as 
in a trade width direction (radial direction of a disk) and 65 shown in FIG. 4 were observed. More specifically, formed 
medium noise is investigated. The measurement results are were ordered particle domains in which CoPtCr magnetic 
similar to those in FIG. 20. From the foregoing, in order to particles having a diameter of about 14 nm were arrayed 
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regularly in the BN matrix. The ^qje of ordered particle Example 7 

domains was isotropic, and the average diameter thereof was . . ru- *j _j- 

«^ «^ L • L ^ . f •_ A maanetic recording medium was fabncated according 

about 800 mn. When die magneUc characteristics of the ^ ^ ^ ^^^^ ^ ^ ^ 

sample were measured, it was found that the sample had ^^^^ j^y^^ ^^^^^ p^^^ deposition of a mag- 
in-plane magnetic amsotropy havmg coercivity of 1.8 kOe, 5 ^^^^ ^^^^^ ^ ^in^coating of a block 
Samples were fabricated by changing RIE process time copolymer onto a substrate, annealing, ozone treatment, and 
variously. With respect to each of these samples, sectional ^ were carried out, removal of a block copolymer using 
structure was observed with a transmission electron micro- ^ soh^ent and oxygen ashing were carried out. After the 
scope (TEM). As a result, it was found that the structure lo deposition of 13 nm-thick CoPtCr by sputtering, 
varied from HG. 6 to FIG. 7 and further FIG. 8 with the RIE deposiUon of a protective layer, and post-treatment 
process time was shortened In the samples having such earned out 

structure as shown in no. 6, a difference in thickness of the When magneUc characteristics of the thus fabricated 

underlayer was 2 nm. In the sample having such structure as sample was measured, the magnetic characteristics thereof 

showninFIG.7.aninterfaceUyercoveredabout60%ofthe 15 wei^ similar to those of sainplesobta^^ 

area for the non-magnetic matrix, and had an average ^ ^i^" ^^^^^ 

CI iTtT II.- I.**, disadvantages of the magnetic recording medium obtamed 

thickness of 1 nm. In the sample having such a structure as , ^ • .l- i *f . j * • j 

• « ... r L • I in example lor in this example are a matter to be determmed 

shown m FIG. 8, an average thickness of the mlerface layer , ,^ , r^. a* u *u 

^ dependmg on the requirements of the system to which the 

was 3 nm. ^ medium is applied. 

M^th respect to each of the samples fabricated with Next, a magnetic recording medium was fabricated 

different RIE process times, the composition distribution in according to a process similar to that in example 3 except 

a magnetic particle portion on the surface of the medium was that a block copolymer was removed prior to sputter depo- 

measured with analytical TEM. As a result of the sition of 13 nm-thidc CoPtCr. That is, after RIE process, 

measurements, the differences in Cr composition between a 25 removal of a block copolymer using a solvent and oxygen 

central region and a marginal region in the magnetic particle ashing were carried out, a 13 nm-thick CoPtCr was depos- 

werc found to be 10%, 15%, and 22%. for the samples i^ed by guttering, and further CMP, deposition of a protec- 

having structures shown in FIGS. 6, 7 and 8, respectively. ^ive layer and post-treatment were carried out. 

_ ^ The magnetic characteristics of the thus (4>tained record- 

Next, experiments m which thermal load was apphed to 30 ^^^^ to those of the recording medium 

the magnetic recording media by ashing and CMP were obtained in example 3, but the glide height could be reduced 

carried out. By these processes, Cr diffused from the under- Advantages and disadvantages of the magnetic 

layer reached up to an initial layer of the CoCrTaPt for the recording medium obtained in example 3 or in this example 

sample having such a stmcture as shown in FIG. 6, and there a matter to be determined depending on the requirements 

is no change in Cr composition ratio in the marginal region 35 of the system to whidi the medium is applied, 

of the magnetic particle. For the samples having such j^^^^^ ^ magnetic recording medium was fabricated 

stnichues as shown in FIGS. 7 and 8, 3% and 5% increases according to a process similar to that in example 4 except 

in Cr composition ratio were observed, respectively. that a blodc copolymer is removed before sputter deposition 

TTien, peeling tests using an adhesive tape were carried 40 mn-thick CoOTaPt. TTiat is, after RIE process, 

out. Specifically, a mesh having a total of 100 squares of ^ block copo ymer usmg a solvent arid oxygen 

lOxlO^nged with intervals of 1 mm was engraved on we^ earned out, a 15 nm-thr^ CoCrTaPt was 

.-.^ . J. ... . „ deposited by sputtering, and further CMP, deposition of a 

each of the magnetic recording media by usmg a cutter . r . ^ ... - j . 

: i"*^ i^^i^g J 6 protective layer and post-treatment were earned out. 

knife, and then a measurement was performed as to what " ^ 

percenUge thereof would be peeled off together with the 45 . ^'^ °?»8«''<= charactensU« of the thus obtamed fecori- 

adhesive tape. As a result of the measurement, the peelK)ff f™''" 

rates were 13%. 5%, and 0% for the respective samples obtiu^d m example 4. but the ghde height could ^ 

having such structures as shown in FIGS. 6, 7 and 8. ''y Advantages and disadvantages of the magnetic 

recordmg medium obtamed m example 4 or m this example 

When the coercivities of the samples having such struc- are a matter to be determined depending on the requirements 

tures as shown in FIGS. 6, 7 and 8 was measured, the of the system to whidi the medium is applied, 

coercivities were 1.8 kOe, 2 kOe, and 2.8 kOe for the j^ext, a magnetic recording medium was fabricated 

respective struchircs. The lattice image in each structure was according to a process similar to that in example 6 except 

investigated by using sectional TEM. In the structure as t^at a block copolymer is removed prior to gutter deposi- 

shown in nG. 8, the initial layer portion was formed ^^j^ of a 15 nm-thick BN matrix layer. That is, after RIE 

continuously in the medium plane. It was considered that the process, removal of a block copolymer using a solvent and 

crystalline magnetic anisotropy was improved due to the oxygen ashing were carried out, a 15 nm-thick BN matrix 

continuous initial layer portion, whereby a high coercivity i^y^^ deposited by ^uUering, and further CMP, depo- 

was obtained. sition of a protective layer and post-treatment were carried 

As described above, it is possible to fabricate a recording 60 o^^* 
media having such a structure as shown in FIGS. 6, 7 or 8 The magnetic characteristics of the thus obtained record- 
by changing the RIE process time. It caimot be generally ing medium were similar to those of the recording medium 
determined as to which of the above structures of the obtained in example 6, but the glide height could be reduced 
recording medium is the most superior. It depends on a by 50%. Advantages and disadvantages of the magnetic 
system employing a recording medium. Conversely, the 65 recording medium obtained in example 6 or in this example 
recording media of the present invention are freely selected are a matter to be determined depending on the requirements 
depending on a system to which a medium applied. of the system to which the medium is applied. 
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Example 8 Ihe FWHM is preferably less than 40 degrees, more pref- 

A magnetic recording medium was fabricated according ^'^^''y ^ ^^^^ """^ preferably less 

to a process similar to that in example 4 except that a block degrees, 
copolymer was removed prior to gutter deposition of 15 

nm-thidc CbCrTaPt. That is, after RIE process, removal of ^ Example 10 
a block copolymer using a solvent and oxygen ailing were 

carried out, a 15 nm-thick CbCrTaPt was deposited by First, 50 rmi-thick vanadium and 15 nm-thick SiOj were 

sputtering, and further CMP, deposition of a protective layer sequentially deposited on a 23-inch NiP plated Al substrate 

and post-treatment were carried out by sputtering. Thereafter, spin-coating of a block copolymer. 

When a medium was fabricated with a short CMP process ^° aimealing, ozone treatment, and RIE were carried out 

time, an interface layer formed on the SiN matrix as scbe- according to the same elemental processes as in those of 

matically shown in FIG. 9. As a result of composition example 1. 

analysis, it was found that the interface layer contained Co _.. . ... j r *i ^ . nrr? 

and Cr. In addiUon. the interface layer covered 40% of area ^rnce the etctang speed of metal vanadium to =m WE 

of the SiN matrix. THe thickness of the interface layer was " «actiongasCF^ was very small compared with tot of SiO^ 

2 nm in average vanadium niiKtioned as an etchmg slop layer dunng etch- 

When a medium was fabricated with a shorter CMP ing- Coi^uently, only SiO petitioned unto 

process time, it was found that the interface layer having an ^ sea-is^and structure of the block copolymer could be 

average thickness of 4 nm covering the entire surface of the ^ ^"^^^^ 1° ^ "^^"^^^ ^ SiO^ layer havmg 

magnetic recording layer As a result of composition P^^^ corrc^onding to the island porUoos was formed on 

analysis, it was found that the interface layer contained Co, vanadium layer. After the etching, the remaining poly- 

Cr, and Pt. ^^ycr was removed by oxygen ashing. 

Peeling tests using an adhesive tape were carried out for After the polymer was removed, 15 nm-thick CoCrTaPt 

these medium samples. Specifically, a mesh having a total of 25 was deposited on the sample by RF bias sputtering. More 

100 squares of 10x10 arranged with intervals of 1 mm was specifically, RF power of 0.1 W/cm^ was applied to the 

engraved on each of the media by means of a cutter knife, sample during deposition, and the atmosphere during depo- 

and then a measurement was performed as to what percent- sition was 2 mTorr of Ar. Performing the RF bias sputtering 

age thereof would be peeled off together with the adhesive increased mobility of CbCrTaPt clusters, flying from the 

tape. As a result of the measurement, the peel-off rates were 30 sputtering target to the sample, on the sample. As a result, 

5% and 0%, respectively, for samples having structures almost all CoCrTaPt was deposited in the etched SiOj pores, 

including interface layers of 2 nm and 4 nm. Although the By adjusting the deposition time so that the pores were filled 

latter structure is advantageous from the viewpoint of adhe- up almost completely by deposition, a magnetic recording 

siveness of the protective layer, this stmcture is disadvan- medium having a flat surface and having such a sectional 

tageous in the viewpoint of recording density because a 35 structure schematically shown in FIG. 25 could be fabri- 

distance between the magnetic recording layer and a head is cated. The magnetic recording medium of FIG. 25 has a 

increased. structure in which the magnetic particles 32 are embedded in 

Example 9 non-magnetic matrix 31. After the deposition of 

CoCrTaPt, 10 am -thick carbon was deposited on the 
Magnetic recording media of the present invention were ^ medium as a protective layer. When recording/reproducing 
fabricated according to a process similar to example 1 evaluation was carried out, the flying height could be set to 
except that the samples were prepared by changing a number 40 jjjjj 
of rotation in spin-coating of a block polymer and a con- 
centration of a block copolymer soludon. 1° this example, a magnetic recording medium having a 
With respect to the thus obtained samples, a measurement 45 surface could be obtained without liftingoff and pol- 
was performed on the distribution of angles formed by the ^^^"^8 processes. The reason why the flat surface profitable 
track length direction on the disk and the array axes of ^ high^ensity magnetic recordmg medium could be 
ordered particle domains by using a scanning electron obtained was because the bias sputtering was earned out. 
microscope. As a result of the measurement, it was found ^ mobflity of atoms, molecules and clusters 
that magnetic particles formed a triangular lattice in the 50 deposited on the sample surface during bias guttering is 
ordered particle domains. In addition, it was found that the B^^^^r general sputtering deposition, a flat 
higher the number of rotation in spin^ating as weU as the sample surface can be formed in a thermaUy stable sUte. The 
higher the concentration of the solution, the smaller the PO^^r ^ ^ppU^d to the sample is not hmited to the 
angle distribution became. ^ optimum value can be selected accord- 
Next, recording at a single frequency up to 200 kfci was 55 ^^/^ ^^}^* apparatus materials or any other conditions, 
carried out for these samples fabricated with changing the ^s long as the mobflity of the clusters, flying from the target^ 
number of rotation in spin-coating and the concentration of °° the sample can be mcreased, the applied bias may be DC 
solution, and then reproducing signals were investigated ^ P^«=*^ *^^^pl*^ hfting-off and 
with the same head to measure medium noise power. TTie P°>^^S P^^^ ^ ^ ^ mnuMlac- 
measurement result is shown in FIG. 24. In HG. 24, a 60 ^l^^ "'^^^^ Tccordmg medium can be 
horizontal axis denotes FWHM of dispersion in distribution rcaucea 

of angles formed between the track length direction on the in the case where the sea portion in the sea-island struc- 

disk and the array axes. A vertical axis denotes medium ture of the block copolymer is etched, contrary to this 

noise power, which is normalized by a value for a medium example, the bias sputtering can also be employed. The 

in when magnetic material particles are randomly di^rsed. 65 etching position or etching depth for the sample can also be 

As is evident from the result of FIG. 24, it is found that, set arbitrarily according to the characteristics of the desired 

for the magnetic recording medium of the present invention, magnetic recording medium or process environment. 
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Example 11 Id this example, etching was stopped on the surface of the 

. , J J J-*- * -1 » glass substrate. That is, only vanadium and CoCrTaPt posi- 

A sample was prepared under the conditions similar to ° , j • i T ^. - • i j * r 

. . , , , J T rw — tioned under the island portions m the sea-island structure oi 

those m example 10 except that SiO, and CoCrTaPt were . , i , j u . i_- i .u* 

CO- uttered on the sam le block copolymer were removed by etching. In this 

co-^u er on p . ^ manner, the vanadium and CoCrTaPt layers having pores 

The co-sputtermg was earned out by adjustmg the sput- corresponding to the island portions were formed on the 

termg apparatus so that the volume composition ratio of the substrate 

fihn was set to CpCrTaPt:SiO2=90:10 when co-sputtering /. . ,c i o r\ a % j 

was performed on the flat s^ple. As a resul'of such pp'^^ t ^ Tp'^^w^^^ 

adjus^ent,amagneticrecordingmediumhavingasectional s^ple by RF bias spiUtermg M^^ 

stiiicture as sc^maticaUy shown in FIG. 26 could be of 0.1 W/cm^ w^ aRphed to the s^^^^^^ 

obtained. In the medium shown in FIG. 26, the CoCrTaPt atmosphere durmg deposition was 2 mTorr of Ar. 

magnetic particles 32 arc embedded in the non-magnetic Smce the mobility of SiOj chisters on the sample, flying 

matrix 31 of SiO^, and the non-magnetic layer 31* of SiO^ target to the sample, was increased by RF bias 

was formed on the magnetic particles 32. sputtermg, ahnost all SiO^ was deposited in etched pores m 

™_ * *v « J J <•! - .L J the vanadium and CoCrTaPt layers. By adjusting the depo- 

The reason why the sputter-deposited film m the etdied . . . . j T . % :% 

J . , • ri r .L «• sition time so that the poreswere filled up almost completely 

pores is not made mto a mixture iilm of the magnetic l j _j- j- l • o . 

J,. ^. »*iL*u u-™ by deposition, a magnetic recordmg medium havmg a flat 

matenal and the non-magnetic matenal, but has a phase- . i™- > &- , ^ ^ u « 

. J * _^ ri_ *t: - f 11 * - *u surface and havmg such a sectional structure schematicaUy 

separated structure of both porUons IS as follows. That IS, the . . ™^ n.* .j-m. *• 

, <- i- J. . i_ * t.- shown m FIG. 27 could be fabncated. The magnetic record- 

e;q)Osed surface of vanadium m the SiO^ pores by etchmg 20 - a- IT - trr"''*"'*'^ " '"'p" . . , _ . 

h^Mgher affinity to CoCrTaPt than to SiO%e CoCrTaPt ^'^^^ ^^G' ^^jl^s a smicture which SiO, 

dusted came from the target to the sample have high "-nsUtutrng non-ma^hc parUcles 34 is embedded m the 

mobility on the sample, and thus, the CoCrTaPt fihn to be ^^^^ ^ ^^^^aPt layers constitutmg the magnetic 
formed is in a state close to thermally stable state. Therefore, 

CoCrTaPt is soUdified first on the vanadium surface in the 25 deposition of SiO^, 10 nm-thick carbon was depos- 

pores. As a result, SiO^ that is not soluble with CoCrTaPt is ^^^d on the medium as a protective layer. When recording/ 

deposited on CbCrTaPt. reproducing was earned out, the flying height could be set 

When the processes in this example are employed, the to 40 nm. 

UflingHoff and polishing processes can be eliminated, and 1° example, a magneUc recordmg medium havmg a 

thus, there can be provided an effect of reducing the manu- 30 ^^'^ ^ obtained without liftmg-off and pol- 

facturing cost of the medium. In the case where the sea '"^^^^ processes. The reason why the flat surface profitable 

portion in the sea-island structure of the block copolymer is fo"" ^ high^density magnetic recording medium could be 

etched, the co-sputtering method can also be employed as in obtained was because the bias guttering was carried out like 

this example. The etching position or etching depth for the Example 11. The bias power to be appUed to the sample is 

sample can also be set arbitrarily according to the charac- 35 ^° ^® ""^^^^ optunum vahie can be 

teristics of the desired magnetic recording medium or pro- selected according to sample, apparatus, materials or any 

cess environment. The bias power to be appUed to the other conditions. The applied bias may be DC bias. In 

sample is not limited to the above value, and an optimum addiUon, if the process m this example is used, HftuigHoff 

value can be selected according to sample, apparatus, mate- ^ polishing processes can be omitted, and thus, the 

rials or any other conditions. As long as the mobifity of the 40 manufacturmg cost of the magnetic recording medium can 

clusters, flying from the target, on the sample can be ^ reduced. 

increased, the applied bias may be DC bias. Furthermore, the In the case where the sea portion in the sea-island struc- 

volume composition ratio of CoCrTaPtiSiOs may be prop- ture of the block copolymer is etched, the bias sputtering can 

erly set according to the structure of the desired recording also be employed. The etching position or etching depth for 

medium or sputtering apparatus, and the value used in this 45 the sample can also be set arbitrarily according to the 

example is merely provided as an example. In the characteristics of the desired magnetic recording medium or 

co-jyuttering method, different targets consisting of eadi of process environment. 

materials to be deposited may be used, or a target in which In the bias sputtering method employed in this example, 

materials to be deposited are combined may be used if the deposition time is properly prolonged and a non- 

In the co-sputtering method employing this example, if 50 magnetic material such as SiO^ is slightly overflowed so as 

the deposition time is properiy prolonged and a non- to deposit on the surface of the medium, it is possible to 

magnetic material such as SiO^ is shghUy overflowed so as make it a protective layer. In such a case, a process of 

to deposit on the surface of the medium, it is possible to deposition of protective layer can be eliminated, and thus, a 

make it a protective layer. In such a case, a process of medium cost can be reduced. 

deposition of protective layer can be eliminated, and thus, a 55 1 ^ ^ 

J- • u J -1 Example 13 
medium cost can be reduced. 

A magnetic recording medium was fabricated employing 

Example 12 similar processes as in Example 11. However, the RIB 

First, 50 nm-thick vanadium and 15 nm-thick CoCrTaPt process time was set to twice as long as that in Example 11. 

were sequentially deposited on a 2.5-inch glass substrate by 60 In addition, the volume ratio of CpCrTaPt to SiOj, which 

sputtering. Thereafter, ^in-coating of a block copolymer, were co-sputtered, was set to 50%. As a result, a so-caUed 

aimealing, ozone treatment, and RIE were carried out granular medium, in which magnetic particles are clearly 

according to the same elemental processes as in those of separated, was formed. When the sectional structure of the 

example 1. However, in the RIE process, a method was medium was observed with a transmission electron 

employed in which plasma gas consisting of carbon mon- 65 microscope, it was found that the medium had a structure as 

oxide and ammonia was used and the sample was heated to shown in FIG. U. More specifically, the initial layer was 

110® C. diuing RIE as in Example 6. SiOj formed by RIE, and the growth layer was SiOj 
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selectively grown based on difiereoce in ai&nity as described 
in Example 11. It was confirmed that the SiO^ in the growth 
layer contained a trace of Ta that is a constituent element of 
the magnetic material. 

In order to examine the adhesiveness of the media, s 
peeling tests using an adhesive ta^e were carried out. 
Specifically, a mesh having a total of 100 squares of 10x10 
arranged with intervals of 1 nmi was engraved on the 
magnetic recording medium by using a cutter knife, and then 
a measurement was performed as to what percentage thereof lo 
would be peeled off together with the adhesive tape. As a 
result of the measurement, the peel-off rates were 10% for 
the medium of Example 11, and 0% for the medium of this 
Example. It was considered that, in this Example, strain 
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P and W measured for, each pore through SEM observa- 
tion of the surface of the porous alumite shown in FIG. 15 
and image processing. The anodic oxidation rate was 
ac^usted to lOtl nm/minute by adjusting the applied volt- 
age. 

From Table 2, it is found that pores having a diameter of 
several nm to several tens of nm and walls having a 
thickness of sub-nanometer to 1 nm per unit voltage could 
be formed. 

Next, experiments were performed to vary the pore diam- 
eter distribution and inter-pore distance distribution by vary- 
ing the Al purity, pretreatment method of anodic oxidation, 
and number of anodic oxidation treatments. The experimen- 
tal results are shown in Table 3. 



TABLE 3 



FWHMfPo't of pore diameter distributioii and FWHM(Ca) of interpore distance distribntion 

number of 



No. 


Al purity pretreatment 


treatments 


Po(%) 


Co{%) 


bl. 


4N 


5% NaOH, 80" C, 10 s S% HNO3 ncutialization 


1 


30 


40 


bl. 


5N 


same as atx>ve 


1 


20 


30 


h3. 


5N 


same as above 


2 


10 


20 


b4. 


5N 


5% NaOH, 80** C, 30 s 5% HNO, ncutralizalion 


1 


10 


25 


b5. 


5N 


perdilorate solution, lL, 30 s 


1 


20 


40 


b6. 


4N 


same as above 


1 


35 


50 


b7. 


4N 


none 


1 


45 


85 


bS. 


5N 


Sic stumper pressing same treatment as bl 


1 


8 


15 



within the magnetic recording medium was reduced due to 
formation of the initial and growth layers, which resulted in 
improvement in the adhesiveness. Suitable degree of adhe- 
siveness varies depending on requirements for system 
employing the mediima. The above granular medium has 
characteristics that is excellent in adhesiveness but is poor in 
reproducing signal intensity as compared with the medium 
of Example 11. 
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A ma^ consisting of porous alumite was fabricated by 
anodic oxidation of highly purified Al. Table 2 shows anodic 
oxidation conditions and measurement results of the pore 
diameter P in the porous alumite and thickness W of the Al 
oxide wall. 



TABLE 2 
Pore diameter P and wall thickness W 



Sample 


anodic oxidation 




P 


w 


No. 


conditinns 




(nm) 


(nmAO 


al. 


4% phosphoroos acid 


25* C 


30 


1 


a2. 


2% phosphorotis acid 


25* C. 


15 


1 


a3. 


4% phosphoroos acid 


50*0 


40 


0.5 


a4. 


2% oxalic add 


25" C. 


15 


1 


a5. 


3% oxalic add 


25* C. 


20 


0.7 


86. 


3% oxalic add 


50* C 


30 


0.5 


a7. 


3% chromic acid 


40* C 


25 


1 


a8. 


3% chromic acid 


10* C 


15 


1.5 


a9. 


15% sulfuiic add 


10* C. 


12 


0.8 


alO. 


10% sulfuric add 


10" C. 


8 


10 



30 

The FWHM (Pa) of the pore diameter distribution and the 
FWHM (Co) of the inter-pore distance distribuition were 
derived from image processing of images obtained by SEM 
observation of the fabricated samples of porous alumite. 

35 Note that Pa and Co denote dispersion for the average pore 
diameter and average inter-pore distance, and for example, 
20% of Po corresponds lo average pore diameter ±10%. The 
pretreatment conditions for anodic oxidation were varied by 
varying chemical polishing conditions of the buff policed 

40 high-purity AL The arxxlic oxidation rate was adjusted to 
10±1 nm/minute by adjusting the applied voltage. 

In the above table, sample of b8 with the minimum 
dispersion in pore diameter and inter-pore distance was 
obtained by arraying regularly defective portions as pore 

45 igniters in advance. The defects were arranged as follows: A 
SiC substrate having a fiat surface was set to an direct-write 
EB apparatus. Electron beams were raster-scanned on the 
SiC substrate surface, and thus, projections having a height 
of sub-nanometer arranged on the SiC surface in lattice 

50 shape were formed. The SiC substrate having the projections 
formed thereon was taken out of the direct-write EB 
apparatus, and then the SiC substrate was pressed to the 
high-purity Al plate, and thus, recesses arranged on the Al 
surface in lattice shape were formed. Next, the Al plate 

55 having the recesses formed thereon was subjected to anodic 
oxidation process under each condition shown in Table 3. In 
the sample of bS , the recesses on the Al plate, which were 
formed by pressing the SiC substrate having the projections 
formed by EB direct-write, serve lo pore igniters during 

60 anodic oxidation. Therefore, the pores were arrayed in 
accordance with the EB pattern, which made di^rsion of 
the pore diameter and inter-pore distance very small. 

By combining the conditions in Table 2 and 3 and by 
controlling the anodic oxidation voltage, samples of porous 

65 ahmiite having the average pore diameter in the range of 8 
to 40 nm, the FWHM of the pore diameter distribution of 8 
to 120% (120% mean&t60%), the average inter-pore dis- 
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tanoe of 12 to 60 am, and Ihe FWHM of the inter-pore moment was obtained by means of fluctuation field mea- 

distaoce distribution of 15 to 200% were fabricated. surement An activation size (Da) of magnetic particles was 

Even when the anodic oxidation rate was varied in the obtained from the volume ratio of magnetic particles and the 

range of about several mn to 30 nm/minute. Pa and C a measured vahic of saturation magnetization. The Da corre- 

resulted in values similar to those shown in Table 3. When 5 sponds to a minim u m reversal size of magnetic particle, 

the anodic oxidation rate was 30 nm/minute or more, the which coincides with the physical of one particle in the case 

samples other than b8 in Table 3 represented increase in Pa where there is no exchange interaction between particles, 

and Ca at a rate of about 5% per increase by 10 nm/minute In addition, the average particle diameter (D) of magnetic 

in the oxidization rate. Even %^en the anodic oxidation rate particles, the average distance (C) between magnetic 

was 30 nm/minute or more, the samples of b8 in Table 3 did to particles, the FWHM (Da) of particle diameter distribution, 

not represent particular increase in Pa and Ca. and the FWHM (Ca) of distance between magnetic particles 

A mask was fabricated by using a metal ring, according to were obtained firom TEM and SEM observations and image 

a modified method of replica method disclosed in aforemen- processing of the observed images. 

tioned Science, 268, 1466, 1995. A Cu ring was provided- A The average particle diameter (D) of magnetic particles 

resist in which a pattern of porous ahimite had been trans- would correspond to the average pore diameter P in the 

ferred was di^>osed in an aperture of the Cu ring. Then, Pt self-organized mask, but D and P indicated slightly dififerent 

was continuously grown on the Cu ring, and Pt was grown values due to the transfer process firom the mask. The 

at the aperture of the ring in accordance with the resist FWHM (Da) of particle diameter distribution would corre- 

pattem. In this manner, a replica consisting of Pt having a spond to pore diameter dispersion Pa in the self-organized 

honeycomb-shaped pattern of porous alumite was formed. ^ mask, but Da indicated a slightly large value because 

The pattern of the holes of the mask thus formed agreed with dispersion in the transfer process was superposed on Pa. The 

the pattern of porous alumite by an error within 1 mn. average distarice between magnetic particles was indicated 

FIG. 28 shows an SEM image of a fabricated mask by the symtx)l C, same as that for the average distance (C) 

viewed from the top. In FIG. 28, black circles correspond to between pores in the self-organized mask, because there was 

holes, and a white background corresponds to a wall portion. ^ no significant difference between them. The dispersion (Ca) 

In the mask shown in FIG. 28, the average pore diameter, the of distance between particles and the dii^rsion (Ca) of 

average inter-pore distance, FWHM of pore diameter distance between pores in the self-organized mask did not 

distribution, and FWHM of pore distance distribution were coincide with each other completely indicating a slight 

20 nm, 30 nm, 30%, and 40%, respectively. difference, which reflected a difference between the partide 

Hie depth of the pore can be adjusted by Pt growth time ^ diameter di^rsion Da and the pore diameter dispersion Pa. 

during replica forming in addition to the thickness of porous An objective region on the medium where the above 

alumite before transfer. In this example, the depth the pore average value and distribution were examined was 2 ^ 

was set to 500 nm considering applicability to processes for square, which was sulEciendy larger range than a minimum 

a magnetic recording medium. A metal ring having an inner ^5 recording cell size assumed in the present invention, 

diameter of several centimeters can prevent the replica from Therefore, if the dispersion in the objective region of 2 fjm 

being destroyed due to an effect of mechanical maintenance square is 20% or less, for example, the dispersion in the 

of the metal ring by taking care on handling of the replica minimiun recording ceU is, of course, 20% or less, 

even in a case where the thickness of Pt is as thin as about In addition, each sample of disk medium was mounted on 

500 imi, although it depends on an aperture area of the metal ^ a spin stand and recording/reproducing characteristics, 

ring. mainly medium noise characteristics, were evaluated using 

Next, ordered magnetic particle media were fabricated by an MR head. Hie evaluation results wifl be described as 

employing the masks fabricated as above. The thickness of follows. 

the protective film on the magnetic particles was set to 10 piG. 30 is a graph showing the measurement results of a 
nm that was equal to the film thickness used for a conven- 45 relationship between the average distance (C) between mag- 
tional medium for the purpose of comparison. The material netic particles and the product (Mrt) between the remanent 
used for the protective film was a matrix material or a carbon magnetization and the film thickness. For samples having an 
film in the process I, and was a carbon film in the process II. easy axis of magnetization in plane, i.e., longitudinal record- 
In addition, a fluorocarbon-based lubricant layer of about 2 ing media, the Mrt was obtained from major loop measure- 
to 3 nm was coated on the surface of all samples. jq ment in the in-plane direction. For samples having an easy 

FIG. 29 is a top view of a fabricated ordered magnetic axis of magnetization in perpendicular direction, the Mrt 

particle medium observed with SEM. In FIG. 29, a white was obtained from major loop measurement in perpendicu- 

portion corresponds to a non-magnetic matrix 31, and black lar direction. FIG. 30 shows the results in a case where 

circles correspond to magnetic particles 32. ordered magnetic particle media having the average particle 

Using various self-organized ma^ fabricated as above, 55 diameter D of 9 to 11 nm, the particle diameter dispersion 
ordered magnetic particle media having the average particle Da of 30% (±15%) or less, and the inter-particle distance 
diameter in the range of 7 to 42 nm, FWHM of particle dispersion Ca of 60% (±30%) or less were selected and 
diameter distribution of 8 to 150% (150% means±75%), examined. Measurements were performed for media, mag- 
average inter-particle distance of 12 to 60 nm, and FWHM netic particles of ^^ch having a thickness of 10 nm. 
of inter-particle distance distribution of 15 to 250% were eo In FIG. 30, the curve A denotes the measurement results 
fabricated. of the media according to the present invention whose 

The fabricated ordered magnetic particle media were magnetic particles are made of Co — Fe; the curve B denotes 

evaluated as foUows. The direction of the easy axis, the the measurement results of the media according to the 

product between the remanent magnetization (Mr) in the present invention whose magnetic particles are made of 

direction of the easy axis and the thickness of magnetic 65 Co — Pt; and the points C denote the measurement results of 

particles, coercivity (He), and coerdvity squareness (S*) conventional media for comparison. The conventional 

were obtained by means of VSM. An activation magnetic media C have a multigrain random array structure in which 
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Cr (100 nmyCbCrTaPl (10 nm)/C (10 nin)/lubricanl (3 nm) 
axe fonned on a substrate. For the oooventional media, two 
samples having different magnetic particle diameters fabri- 
cated by varying tbe temperature during sputter deposition 
of the magnetic layer were provided. S 

Mrt will be proportional to under a condition where 
the film thickness and particle diameter are constant if the 
magnetic material is not degraded significantly. In FIG. 30, 
the measurement results A and B represent that Met is 
proportional to as the above theory. However, the 1° 
measurement results of the conventional media deviate from 
the theory. 

In addition, a value of Mrt for the same C is determined 
depending on the amount of magnetic element in the mag- 
netic particles. When compared the Co — Pt media of the 
present invention with the conventional CoCrTaPt media, 
Mrt of the conventional media is lower than that of the 
media of the present invention, although the concentrations 
of the magnetic element are almost identical to each other. 
This result shows that there are superparamagnetic particles ^ 
in the conventional media because tbe particle diameter 
distribution is wide, which causes to lower Mrt due to 
thermal disturbance. However, there are almost no particles 
being in superparamagnetic because the particle diameter 
dispersion is small in the ordered magnetic particle media of ^ 
the present invention. 

Mrt is a quantity relating to signal power and magneti- 
zation transition width with respect to magnetic recording 
characteristics. The greater Mrt is, the greater signal power ^ 
is. When coercivities are identical, the greater Mrt is, the 
wider tbe magnetization transition width is, which makes 
high density recording hard. Therefore, Mrt is a quantity to 
be properly adjusted according to other magnetic character- 
istics of the medium, noise characteristics, arxl characteris- 
tics of tbe recording/reproducing system such as a head. As 
shown in FIG. 30, it is found that, in tbe media according to 
the present invention, Mrt can be properly adjusted by 
adjusting the average distance C between magnetic particles. 

FIG. 31 is a graph showing the measurement results of a 40 
relationship between the average particle diameter D of 
magnetic particles and the ooercivity He. He is measured 
value in the direction of easy axis of magnetization for each 
sample. In FIG. 31, the curve B shows the measurement 
results of the media employing Co — ^Pt magnetic particles 45 
according to the present invention; and the points C show the 
measurement residts of the conventional media. The ordered 
magnetic particle media according to the present invention 
used for the measurements B had the particle diameter 
dispersion Da of 30% (±15%) or less; the average inter- 50 
particle distance of (D+l to D-f2) nm, where D is the average 
particle diameter; and inter-particle distance dispersion of 
60% (±30%) or less. Measurement of coercivity He was 
carried out by measuring a VSM major loop for about 
several tens of minutes at room temperature. As the particle 55 
diameter of magnetic particles becomes smaller. He will be 
lowered due to influenced of thermal disturbance at room 
temperature. The influence of thermal disturbance can be 
estimated from tbe magnetic anisotropy of particles and the 
volume of particles. 50 

The solid line shown in FIG. 31 is a theoretical curve of 
He relative to the Co — Pt magnetic particles of the media 
according to the present invention, which is fitted by He 
when the particle diameter of magnetic particles is sufli- 
ciently large. In addition, the da^ed line shown in FIG. 31 65 
is a theoretical curve of He of the CoCrTaPt magnetic 
particles of the conventional media. When compared the 
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curve of tbe measurement results and the theoretical curve, 
both of these curves coincide with each other in the media 
according to tbe present invention in which particle diameter 
dispersion is small, but the measurement results are lower 
than the theoretical curve in the conventional media in 
which particle diameter dispersion is large. This is because 
the conventional media inchide superparamagnetic particles 
as described about the measurement results of Mrt. 

He is a quantity relating to the magnetization transition 
width and recording sensitivity with re^>ect to magnetic 
recording characteristics. When the Mrt values are identical, 
the higher He makes the magnetization transition width 
narrower, whidi is suitable to high density recording. 
However, ^en values of the ooercivity squareness S* are 
identical, an increase in He lowers the recording sensitivity. 
Therefore, He is also a quantity to be properly adjusted 
according to a recording/reproducing system. As shown in 
FIG. 31, it is found that He can be properly adjusted by 
adjusting the average particle diameter of magnetic particles 
in the media according to the present invention. 

FIG. 32 is a graph showing the measurement results of a 
relationship between the inter-particle distance dispersion 
Co, which is represented by a half FWHM, and Da/D that 
is a ratio of tbe activation size Da of magnetic particles and 
the average particle diameter D of magnetic particles. In 
FIG. 32, the curve A shows the measurement results of the 
media according to the present invention whose magnetic 
particles are made of Co — Fe; the curve B shows the 
measurement results of the media according to the present 
invention whose magnetic particles are made of Co — ^Pt; and 
the points C show the measurement results of the conven- 
tional media. The media according to the present invention 
used for measurements had the particle diameter dispersion 
Do of 30% or less in FWHM. 

From the measurement results of the media according to 
the present invention, in the media whose inter-particle 
distance dispersion is adjusted to ±40% (FWHM: 80%) or 
less, Da/D values become unity. Da denotes a minimum 
magnetization reversal imit, which coincides with a physical 
particle diameter D when the exchange interaction between 
magnetic particles is disrupted. In addition, in a region 
where dispersion is 80% or more, the reason ^y Da/D 
increases as the dispersion becomes larger can be interpreted 
as follows. That is, when the inter-particle distance disper- 
sion Co is large due to such causes that the degree of 
completion of the self-oiganized mask is low or a fabrication 
process of tbe ordered magnetic particle medium is 
deficient, it is considered that Da/D becomes larger since 
particles are locally in contact with each other. 

In the conventional media, the inter-particle distance 
dispersion indicates a value of ±50% (FWHM: 100%) or 
more. In addition, the particles locally come into contact 
with each other, and thus, the Da/D indicates a value greater 
than unity. When the values of inter-particle distance dis- 
persion are identicla, Da/D values of the conventional media 
are greater than those of tbe media according to the present 
invention. This is because the particle diameter dispersion 
Da as well as the inter-particle distance diversion Co are 
larger in the conventional media, and thus, the number of 
local contact between particles is larger than that in the 
media according to tbe present invention. 

Da/D is a quantity associated with noise caused by 
exchange interaction between magnetic particles with 
respect to magnetic recording characteristics, and it should 
be set to 2 or less. As can be seen from FIG. 32, in the 
ordered magnetic particle media according to tbe present 
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iovention, the inter-particle distance division is preferably medium. For a perpendicular medium, in particular, for such 

restricted to ±65% (FWHM: 130%) or less so that Da/D is a perpendicular medium having a structure in which an NiFe 

set to 2 or less, it is most preferable to restrict the di^rsion soft magnetic film and a NiFeCo semi-hard magnetic film 

to ±40% (FWHM: 80%) or less so that Da/D is set to about are disposed under the magnetic layer according to the 

1 5 present invention, it is preferable to use a recording head 

* HG. 33 is a graph showing the measurement results of a of a single magnetic pole. However, in evaluating 

rivj. IS a Biapu auuwiug iu*.*i:>iu^iiitui kjl a medium uoise charactcnsUcs, a rmg type head for a 

relationship between the particlediameter^^ Da, i^^^t^^dinal medium can be used, and thi^this head is 

which is repre^nted by a half FWHM, and the coercivity employed for the perpendicular medium according to the 

squareness S*. S* is denved from die measurement result of present invention 

^e VSM major loop for a longitudinal medium, and derived 10 niinimum recording ceU size that can be recorded by 
from the measured value of saturation magnetization cor- this head is 13 /mixO.l /an, and thus, the minimum 
rected by demagnetizing field for a perpendicular medium. recording ceU has an area of 13xlOE5 (nm^ in this case. In 
In FIG. 33, symbols A, B, and Care similar to Uiose used in ordered magnetic particle medium according to the 
FIG. 30. The media according to the present invention used present invention, the distance between magnetic particles is 
for measurements had the average particle diameter of 12 to 15 ^2 to 60 nm, and thus, the number of magnetic particles 
13 nm, and the inter-particle distance dispersion Co of inchidcd in the minimum recording cell is 36 to 902. 
±30% (FWHM: 60%) or less. measurement conditions for recording/reproducing 
The coercivity squareness S* is a quantity corresponding characteristics are: 1800 rpm in disk rotation speed; 22 mm 
to dispersion of He of magnetic particles. The coercivity ^ in radius of recording position; and 25 nm in head flying 
squareness S* reflects the di^rsion of magnetic character- height. Recording was carried out with changing a recording 
istics of particles, for example, the dispersion of crystal frequency, and the normalized medium noise at each fre- 
magnetic anisotropy, but does not depend on particle diam- quency was examined. A recording current was set to a 
eter itself. However, in the case where the particle diameter saturation recording current in which overwrite erasure ratio 
becomes small, and He is lowered due to thermal distur- ^ became -40 dB or more (minus side). The normalized 
bance at room temperature, S* exhibits particle diameter medium noise is a value obtained by dividing a value of the 
dependency. medium noise (Nm) integrated over a full frequency band- 
As shown in FIG. 33, in the media according to the width by a low-pass signal output (SO), and is a normalized 
present invention, values are large when particle diameter by a reproducing track width (1 fmx). 
dispersion is adjusted to ±20% (FWHM: 40%), although the ^ fig. 34 is a graph showing examples of the measurement 
average particle diameter D is as small as 12 to 13 nm. On results of a relationship between the spatial recording fre- 
the contrary, if the particle diameter dispersion is greater quency LD of the medium and normalized medium noise. In 
than ±20%, it is found that S* is lowered since components piG. 34, symbols A, B, and C are similar to those used in 
of magnetic particles having low He exist even in the media FIG. 30. The media according to the present invention used 
of the present invention. for measurements had the average particle diameter of 
In the conventional media, the particle diameter disper- magnetic particles of 15 nm, FWHM of the particle diameter 
sion is ±25% or more, and thus, it is found that particles distribution of 25%, the average inter-distance distribution 
having He lowered by thermal disturbance are considerably of 50%. 

included. In addition, when the values of particle diameter As is evident from FIG. 34, the media according to the 

dispersion are identical, the conventional media exhibit S* ^ present invention exhibit remarkably lower noise than the 

value smaller than that of the media according to the present conventional media. This is because the particle diameter 

invention. This is because the inter-particle distance disper- dispersion and inter-particle distance dispersion are 

sion as well as the particle diameter dispersion are larger in restricted, i.e., \b& magnetic particles are arrayed regularly in 

the conventional medium, and thus, particle components are the media according to the present invention more as com- 

inchided which come into contact with each other and have pared with the conventional media. In the media according 

nominally high He, which makes dispersion of He laiger. to the present invention, both of the medium employing 

S* is a quantity associated with recording sensitivity with CoFe particles (curve A) and the medium employing CbPt 

respect to magnetic recording characteristics. When He particles (curve B) exhibit a very low noise, and the medium 

values are identical, the larger S* improves recording sen- employing CoPt particles (curve B) exhibits lower noise 

sitivity and overwrite erasure ratio. Thus, S* is preferably set 50 than the medium employing CoFe particles (curve A). As 

to 0.5 or more, although it depends on recording ability of shown in FIG. 30, this is because the CoPt particle medium 

a head. Therefore, from the results shown in FIG. 33, in the (curve B in FIG. 30) has a smaller Mrt than the CoFe particle 

ordered particle media according to the present invention, it medium (curve A in FIG. 30), and therefore, the magneti- 

is found that the particle diameter di^rsion is preferably zation transition width is narrower in the CoPt particle 

set to ±35% or less (70% or less in FWHM), and more 55 medium, and sharper magnetization transition is formed, 

preferably set to ±20% (40% or less in FWHM) where S* FIG. 35 is a graph showing the results of a relationship 

indicates a high constant value. between the normalized medium noise and the average 

The recording/reproducing characteristics of the media particle diameter D when the magnetic media according to 

according to the present invention were evaluated by the present invention were recorded at a ^atial recording 

employing an MR head. The employed MR head ia a 60 frequency of 250 kfcL The media according to the present 

prototype having an AMR reproducing imit of 13 ^ in invention used for the measurements had the particle diam- 

recording track width, 1.0 ^ in reproducing track width, eter dispersion of 25% or less in FWHM; the average 

and 0.1 /mi in reproducing gap. This head has recording/ inter-particle distance of (D+1 to D+3) nm, where D is the 

reproducing ability in areal density up to 4.3 Gb/in^ when a average particle diameter, and inter-particle distance disper- 

guard band width between tracks is set to 0.15 /an. This head 65 sion of 50% or less in FWHM. 

is basically designed for a longitudinal medium, but it is As is evident from FIG. 35, in the case where a spatial 

applicable to recording/reproducing of a perpendicular frequency is set to 250 kfci, i.e., in the case where the 
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recording cell length is about 0.1 ;an, the noise level is very Example 15 

low at the average particle diameter of about 25 mn or less; According to the aforementioned manufacturing method, 

however, the noise level nses abrupUy at 25 mn or more. ^ ^^^^ non-magnetic pore was fabricated. CoPt and 

A relationship between the normalized medium noise and jbCo were employed as magnetic materials. When CbPt 

the spatial recording frequency was measured (the measure- 5 employed, like in the case of the ordered magnetic 

ment results are not shown). As a result, if the magnetic particle medium, the easy axis of magnetization was set 

particle diameter was or more of the recording cell length, according to the seed layer material, the thickness of the 

noise level increased even in the ordered magnetic particle ^^cd layer, thickness of the magnetic layer, and deposition 

media according to the present invention. As is evident from conditions for the magnetic layer When TbCo was 

this results, the particle diameter of magnetic particles 10 employed, a perpendicular magnetization layer was formed 

should preferably be Vi or less of the recording cell length in without providing a seed layer. 

order for low noise effect to be exhibited significanay in the fabricated ordered non-magnetic pore 

media accordmg to the present mvenUon. The number of evaluated in accordance with the cvaluaUoo for 

magnetic parudes arrayed m track width direcUon is not the ordered magnetic particle media. A microstructuie of the 

particularly restored as long as the track width does not is ^rfered non-magnetic pore medium was evaluated by means 

become Sorter than the munmum recordmg ceU length. diameter (P), FWHM of the pore 

Therefore the lower Innit of the number of magneUc par- ^^^^^^^^ distribution (P'a), the average inter-pore distance 

tides m the track width direction of the mmimmn recording inter-pore distance distribution (Co). 

ceU is 4. Actually, several tens or more of mjpeUc particles -j^^ parameter values were determined by adding values 

are arrayed m the track width direction of the mmunum ^ ^ process fluctuation to each of the parameter values 

recording cell. obtained for the self-organized masks obtained in Example 

HG. 36 is a graph showing the measurement results of 14^ i.e., the average pore diameter, FWHM of pore diameter 

relationships among the particle diameter dispersion of distribution, the average inter-pore distance, and FWHM of 

magnetic particles Da, the inter-particle distance diversion the inter-pore distance distribution. The ranges of P, Pa, C, 

Ca, and medium noise. Measurements were carried out by and Ca in this Example were substantially identical to those 

selecting the media according to the present invention in of the average particle diameter D, FWHM of the particle 

which the particle diameter was adjusted to Ya or less of the diameter distribution Da, the average inter-particle distance 

recording cell length, and the inter-particle distance was C, and FWHM of the inter-particle distance distribution Ca, 

adjusted to particle diameter4(l to 3 nm), and a spatial ^ respectively, which were determined for of the ordered 

recording frequency. magnetic particle media in Example 14. 

In FIG. 36, the solid lines indicate the measurement pirst, MFM observation was carried out to evaluate a 

results of the ordered magnetic particle media according to domain wall. When TbCo was employed as a magnetic 

the present invention by way of contour lines of the nor- material, the domain wall width was 10 to 20 nm except the 

malized medium noise. In addition, the point shown in FIG. vicinity of the composition ratio near the compensation 

36 indicates the measurement result of the conventional composition, although it depends on composition ratio and 

medium with low noise. the film thickness. When CoPt was employed as a magnetic 

As is evident from the results ^own in FIG. 36, it is material, the domain wall width was 7 to 13 nm. The greater 

preferable that the particle diameter diversion is ±20% or the anisotropy energy is, the narrower the domain wall width 

less (40% or less in FWHM) and the inter-particle distance ^ is. For example, even when CoPt is employed, in the case 

dispersion is ±40% (80% or less in FWHM) in order for a where the composition of Co is 50 at %, the domain wall 

low noise effect to be exhibited in the media according to the width is assumed to be 5 to 10 nm. When SmCo having a 

present invention. More preferably, it is foimd that the great magnetic anisotropy is employed, the domain wall 

particle diameter dispersion is ±10% or less (20% or less in width is assumed to be 3 to 6 nm. In this manner, it is found 

FWHM) and the inter-partide distance division is ±20% 45 that, in the present invention, the non-magnetic pore diam- 

or less (40% or less in FWHM). It is most preferable that the eter can be variously adjusted according to type of magnetic 

particle diameter di^)ersion is ±5% or less (10% or less in material to be employed. 

FWHM), and the inter-partide distance dispersion is ±10% a relationship between the average inter-pore distance C 

or less (20% or less in FWHM). and a product between the remanent magnetization and film 

In FIG. 36, the noise ofthe conventional medium is higher 50 thickness (Mrt) was measured. The measurement results 

than that of the media according to the present invention exhibited a reverse correlation to that between C and Mrt for 

having an almost equal dispersion. This is because the the ordered magnetic particle medium shown in FIG. 30. 

magnetic particles are arrayed substantially regularly in the That is, since the greater C increases an occupation rate of 

media according to the present invention, in which the the magnetic material, Mrt increases. The relationship 

dispersion indicates di^lacement from the regular array 55 between Mrt and C is as expected from calculation. It is 

positions, while magnetic particles are randomly arranged in found that Mrt can be properly adjusted even in the ordered 

the conventional medium. non-magnetic pore medium. 

Note that, the resulls shown in FIG. 36 were obtained A relationship between the average pore diameter P of the 

from measurements employing a magnetic head that can be non-magnetic pore and the coercivity He was measured. The 

fabricated at present. Thus, in the case where measurements 60 measurement results exhibited a relationship similar to that 

are carried out with a magnetic head having a narrower head between the average particle diameter D and the coerdvity 

gap and more improved reprodudng resolution in the future. He for the ordered magnetic particle medium shown in FIG. 

the contour lines of the normalized medium noise shown in 31. That is, when P was or less of the domain wall width, 

FIG. 36 will be shifted to a region of higher values. When He was lowered. When the non-magnetic pore diameter is V4 

such a head is employed for recording, magnetic recording 65 or more of the domain wall width, the non-magnetic pores 

media having smaller particle diameter dispersion and inter- fimction as a piiming sites of the domain waU, and thus, 

particle distance dispeision should be employed. greater He is obtained However, when the pore diameter is 



